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Preface 
Cell division is one of the most significant events in 
the bacterial life cycle, yet it remains poorly understood 
at every level. As is often the case with complex biologi-
cal systems, mutational analysis has helped to define 
elements of the division system and their mechanisms of 
operation. However, we still know little about the biochem-
istry and physiology of cell division gene products. One 
approach to a better understanding is to attempt to define 
the molecular genetics of loci identified as being central 
to the division pathways. 
Donachie's group has studied the organization of a 
large cluster of genes involved in cell division, envelope 
growth and morphogenesis, and this region remains the focus 
of our molecular genetics investigation. We would like to 
know how these gene products fit together to make up the 
division apparatus, what biochemical roles they play within 
the apparatus, how their expression and activities are 
controlled in keeping with cellular division requirements, 
and how expression is organized at the molecular level. My 
work has largely been within the realm of this last catego-
ry, although it is impossible to consider one category in 
isolation from the others. 
A discussion of division gene expression must consider 
how division is organized in the growing cell. We must 
consider the strategy of cellular organization, the phys-
iology of division, the relationship between division and 
envelope growth, and the major role of division in morpho-
genesis. These topics are introduced in Chapter 1, but only 
salient points are considered for sake of brevity. In 
addition, the discussion in Chapter 1 considers two model 
systems for which the division biochemistry is beginning to 
be determined: the SOS response, which leads to inhibition 
of division under certain conditions, and the penicil-
lin-binding proteins, which are responsible for important 
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aspects of envelope growth and morphogenesis. Chapter 2 
introduces the organization of the morphogenetic cluster 
studied by Donachie et al. At the end of Chapter 2, I set 
out specific goals for my investigation into the orga-
nization of the murC-ddl-ftsQ--ftsA-ftsZ region. Chapter 4 
discusses my subcloning, deletion analysis and 
complementation experiments; Chapter 5 discusses my use of a 
galK fusion system to identify transcriptional control 
signals; Chapter 6 describes a P fusion system used to 
express gene products from cloned inserts; Chapter 7 
discusses effects of manipulating ftsQ and ftsA sequences; 
and Chapter 8 summarizes my conclusions and correlates them 
with the sequence data generated by A.C. Robinson. Both 
the sequence, extending from the beginning of ftsQ to the 
beginning of ftsZ, and some of my relevant results have been 
included in a recent publication (Robinson et al, 1984), 
which can be found in Appendix B of this thesis. 
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Abstract 
The 2-minute region of the Escherichia coli chromosome 
contains a remarkable cluster of genes involved in cell 
division, cell envelope growth, and morphogenesis (Donachie 
et al., 1984). The absence of biochemical assays for most 
morphogenetic factors has hindered their characterization, 
however molecular genetic approaches are being used 
successfully to reveal the organization of morphogenetic 
pathways. A segment of the 2-minute cluster, spanning the 
genes murG, murC, ddl, ftsQ, ftsA, ftsZ, and envA, has been 
incorporated into a lambda transducing phage and was used in 
the preliminary characterization of this region (Lutkenhaus 
and Wu, 1980). I expanded upon their work by using 
subcloning techniques and deletion analysis to map the 
genetic boundaries of ddl, ftsQ, ftsA, and ftsZ. Moreover, 
functional promoter and terminator sequences were mapped 
through use of a gal-operon fusion system, and the gene 
products of ddl, ftsQ, and ftsA were identified by 
expression of cloned fragments from a P vector in a 
minicell system. My results complement the preliminary 
molecular genetic analysis by Lutkenhaus and Wu (1980) and 
the sequence data of Robinson et al. (1984). All loci 
between murC and ftsZ are transcribed in a clockwise sense; 
these loci are tightly linked without large intervening 
sequences; each of these loci has at least one independent 
promoter; a second promoter for ftsZ lies within the coding 
sequence of the adjacent locus, ftsA; no strong 
transcriptional terminators are found between murC and ftsZ; 
and expression of several adjacent loci within this cluster 
may be coordinated. The ddl product is identified as a 
32,000 dalton protein, the ftsQ protein is 35,000 daltons, 
and the ftsA protein is 46,000 daltons. Over-expression of 
fts,Q and ftsA together is deleterious to the cell, and 
inactivation of ftsA reverses this effect. Transcription of 
ftsA in the absence of ftsQ translation disturbs cellular 
morphology, and ftsQ may be deleterious in high copy number. 
unless its promoter is removed in the cloning process. A 
fortuitous jE-ftsQ fusion produces a hybrid protein that 
retains FtsQ function and is not deleterious in spite of 
high levels of transcription. These findings are correlated 
with the sequence data, and possibilities for future 
investigations are discussed. 
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Chapter 1 	Introduction: organization of division in the 
growing E. coli cell 
1.1 Perspective 
Growth is the collection of processes employed by an 
organism to make more of itself. The speed at which a 
self-replicating system is able to accomplish this depends 
on how the system is organized and what materials are 
available in the environment. In the case of Escherichia 
coli, the best studied of the Gram-negative bacteria, the 
cells in a given population are able to double their number 
under ideal conditions in just over 20 minutes. Longer 
times are required with suboptimal conditions. We can 
expect the growth physiology of E. coli to be both efficient 
and adaptable in view of the two very different sorts of 
environments this organism inhabits. It colonizes the large 
bowel of humans and other animals, ensuring that some E. 
coli cells will regularly find their way to soil and water 
habitats. The ability to maintain a high growth rate under 
a wide range of conditions would help to promote survival 
through variable and hostile environments. 
Growth rate can be expressed as the doubling time, 
that is, the time required for a given population of cells 
to double its number. Perhaps the most striking feature of 
how this doubling takes place is that the composition and 
morphology of cells in the population are uniform for cells 
of a given age class. Under conditions of balanced growth 
the newborn products of a dividing cell are essentially 
identical to each other, and to all newborn cells in that 
population, with respect to their chemical and macro-
molecular make-up, their dimensions, their physiological 
behavior, and their genetic complement (Marr et al., 1966, 
Ingraham et al., 1983). Such regularity implies a set of 
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constraints on the models we may propose to account for our 
experimental observations on growth of the E. coil cell. 
In order for an E. coli cell to grow within the 
apparent limits of uniformity, mechanisms must exist to 
ensure that 1) the endowment of genetic (chromosome) and 
spatial (envelope) information is accurately duplicated; 2) 
the protein synthesizing system, or PSS, is duplicated; and 
3) these duplicated components are evenly divided between 
daughter cells. In other words, a growing population must 
accomplish duplication processes and division processes. 
Duplication processes include uptake and synthesis of 
precursor metabolites, biosynthesis of building blocks, 
polymerization into macromolecules, assembly into cellular 
structures, energy supply, and regulation. These topics are 
summarized in an excellent text by Ingraham, Maaloe, and 
Neidhardt (1983). However, comparatively little is known 
about the processes that assure the equal and regular 
division of growing cells, which is the topic of this 
thesis. 
1.2 Cellular organization 
Both light and electron microscopy reveal that E. coli 
is rod-shaped, as is typical of the Enterobacteriaceae. One 
geometrical representation of a rod is a cylinder capped by 
hemispherical poles, and this representation is accurate for 
E. coli under most conditions (Donachie, 1981; Rosenberger 
et al., 1978). The size of the rod depends on growth 
conditions. Cells growing slowly have shorter lengths and 
diameters than cells growing at a higher rate, although the 
ratio of average length to diameter remains fairly constant 
over a range of growth rates (Donachie, 1981; Zaritsky, 
1975). The growing cell accommodates its expanding volume 
almost entirely by an increase in length; diameter remains 
constant for a particular growth rate (Marr et al., 1966, 
see Section 1.3). 
Gross cellular structure appears relatively simple. 
The only obvious structures inside the cell are the chromo-
some and polysomes. The chromosome appears to be associated 
with the envelope through unknown means (Pettijohn et al,, 
1982; see Section 1.6). The envelope consists of 2 lipid 
bilayer membranes sandwiching a peptidoglycan layer. 
The inner membrane, or cell membrane, defines the 
sharpest boundary between internal and external environ-
ments. It supports a variety of membrane-associated pro-
teins involved in transport, metabolism, motility, and 
growth and division. The cell membrane and outer membrane 
are seen to fuse at approximately 200 sites randomly spaced 
over the cell surface (Bayer, 1974). Fusion sites (Bayer 
junctions) are postulated to serve essential roles in 
translocation and assembly of outer membrane components 
(discussed in section 1.5) and infection by certain bacter-
iophage. 
The outer membrane is unusual in that only its inner 
face consists of phospholipids. Its outer face is made up 
of lipopolysaccharide, which is responsible for much of the 
pathogenicity of Gram-negative bacteria. The outer membrane 
acts as a selective permeability barrier, allowing primarily 
small hydrophilic molecules to pass, but excluding molecules 
larger than approximately 600 daltons. A variety of selec-
tive and nonselective transport proteins (porins) are 
responsible for the "molecular sieve" properties of the 
outer membrane and allow the cell to meet its nutritional 
needs in spite of the permeability barrier. The inner face 
supports the most numerically abundant protein in the cell, 
lipoprotein. The lipophilic end of this molecule dissolves 
into the outer membrane while the carboxy-terminus remains 
free or binds to the peptidoglycan sacculus. Sacculus-bound 
lipoprotein plays a structural role in support of the outer 
membrane (see section 1.5). Outer membrane physiology has 
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been considered in recent reviews by Nikaido and Vaara 
(1985), Osborn and Wu (1980) and Wright and Tipper, (1979). 
E. coli cell envelopes must be capable of withstanding 
up to 5 atmospheres of internal osmotic pressure (Mitchell 
and Moyle, 1956). This is made possible in part by the 
peptidoglycan layer, a monomolecular network of repeating 
subunits (see section 1.4) forming a continuous "scaffol-
ding" around the cell membrane. If the integrity of the 
peptidoglycan is destroyed by chemical or genetic means, 
then the cells will lyse (Ghuysen, 1977). Lysis may be 
prevented by culture in isotonic media, whereupon cells lose 
their rod-shape and grow poorly as spheres, termed "sphero-
plasts" (Daneo-Moore and Shockman, 1977). Peptidoglycan is 
also implicated in morphogenesis. Isolated sacculi retain 
the shape of the cells from which they were harvested 
(Henning, 1975). The combined functions of morphogenesis 
and osmotic stability make the peptidoglycan sacculus a 
major focus for growth and division studies. 
The outer and cell membranes define a compartment 
called the periplasmic space. This compartment serves 
important functions in cell nutrition and defense as sug-
gested by the transport and hydrolytic enzymes found there. 
We may also expect at least some cell division processes to 
be organized in the periplasmic space, for this is where the 
peptidoglycan layer is located. Because the intact sacculus 
offers no sites for new peptidoglycan to be added during 
growth, a mechanism must exist to "open up" growth zones in 
a controlled fashion. Indeed, a subclass of periplasmic 
hydrolytic enzymes, termed the autolysins, is capable of 
digesting the sacculus to a greater or lesser extent (Leduc 
et al., 1985, 1982, 1980), and seems to be essential for 
growth of the sacculus. How the activity of these enzymes 
is limited to prevent lysis in not known. 
Finally, an analysis of cellular organization must 
consider the division septum. Here our conclusions must be 
guarded, because the division site as visualized by electron 
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microscopy appears different depending on the strain and the 
fixation procedure employed. Burdett and Murray (1974) 
examined a variety of strains with different fixation 
protocols and concluded that division in E. coli normally 
occurs by septation rather than constriction. Septa, 
however, are labile and the authors propose that they are 
destroyed by autolysins before fixation occurs with most 
protocols. The septum forms as an ingrowth of the cell 
membrane overlying a double layer of peptidoglycan. After 
the septum is completed, the closely apposed layers of 
peptidoglycan, which appear to be covalently linked, begin 
to separate. The separation process probably requires 
autolytic activity to split the double-peptidoglycan septum 
(see Section 1.6, Chapter 2; Wolf-Watz and Normark, 1976) 
and is accompanied by involution of the outer membrane. 
Although the outer membrane does not contribute to the 
primary septum, synthesis must continue in order to provide 
material to cover the new cell pole. In fact, extra outer 
membrane appears to accumulate as blebs at the septation 
site (Burdett and Murray, 1974) until it can be incorporated 
into the nascent pole. A cell-separation mutant designated 
envA, presumed deficient in the activity required to split 
the septum, continues to accumulate a large excess of outer 
membrane blebs at septation sites until cleavage of septa is 
completed (see Section 1.6). 
1.3 The division cycle 
Cell physiology experiments must be performed under 
conditions of balanced growth (constant growth rate), 
because bacteria vary in composition at different growth 
rates (Ingraham et al., 1983). Balanced growth is described 
as a state in which any one measurable property of a culture 
(cellular mass, for example) increases by the same factor as 
every other measurable property (Campbell, 1957). In such a 
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state, newborn cells in a culture would be identical in 
composition and organization to their parent cell and to 
other cells in the population. 
A culture in balanced growth does not change its rate 
of volume or mass increase when cell division is inhibited 
by a variety of methods (see sections 1.4, 1.5). This 
implies that macromolecular synthesis and assembly of 
cellular structures is completely independent of division 
processes. Cells inhibited for division continue to repli-
cate their chromosomes and elongate their surfaces (see 
Chapter 2), such that rod morphology distorts into a long 
filament. These and other observations are responsible for 
the model seen in Figure 1.1 (adapted from Donachie, person-
al communication). 
The division cycle model shown in Figure 1.1 assumes 
that initiation of division and chromosome replication are 
sensitive to specific characteristics of cell growth, while 
cellular growth processes (other than DNA synthesis) are not 
directly affected by events specific to cell division or 
chromosome replication. Thus the growth time line continues 
much the same regardless of the division status of the cell. 
The elongation time line is shown separate from the growth 
time line because it represents a specialized aspect of 
growth. 
The segregation functions that are accomplished by 
division probably occur passively for most cellular compo- 
O) Cbt 
nents, because their large 	nuntherAassures roughly equal 
segregation upon binary fission. Segregation of spatial and 
genetic information must be more structured, however. 
Donachie (1981) summarizes the rules by which cell growth, 
segregation, and division appear to proceed. The following 
paragraphs discuss these rules of growth as they relate to 
replication and division. 
Chromosome replication is constant at all growth 
rates, requiring about 40 minutes from initiation to ter-
mination of a round of synthesis (the C period of Cooper and 
1.1 













I 	 I 
—O 	 —20 	 0 
minutes before division 
FIGURE 1.1 
Helmstetter, 1968). Some of the molecular events involved 
in initiation of replication have been described (see 
Kornberg, 1981 and 1982 for recent reviews), but control of 
the process remains largely unknown. What is known is that 
a growing cell initiates another round of replication when 
its volume reaches a critical size, 2V  (or a multiple 
thereof, where Vu  is the volume of a hypothetical newborn 
cell in a population at zero growth rate; Donachie, 1968). 
The initiation mass is independent of growth rate. Cells 
growing with doubling times faster than 40 minutes initiate 
new rounds of replication before the previous round has been 
completed (Helmstetter et al., 1968), as predicted by this 
model. 
The nature of cell elongation is difficult to deter-
mine because of the small size of E. coli cells. Neverthe-
less, some guarded conclusions may be made. The rate of 
cell elongation increases sharply at a critical point in the 
division cycle (Donachie et al., 1976; Boyd and Holland, 
1979; Rosenberger et al., 1978), represented in figure 1.1 
by a thickening of the elongation line. Donachie et al. 
(1976) present evidence that this increase occurs at a 
critical cell length, 2L 
U 
(where L u is the length of a 
hypothetical newborn cell in a population at zero growth 
rate). One way this rate increase could come about is if 
the number of envelope elongation sites were to suddenly 
increase in response to a signal released when cells reached 
the length of 2L. The nature of the signal is not known, 
and the threshold governing its release may be related to a 
process that parallels elongation. At the present time 
there is no obvious physiological significance to attribute 
to a cell length of 2 L 
U 
The exact mode by which cells increase in length makes 
little difference for growth physiology models (only about 
6 % predicted difference between exponential and linear 
models, Boyd and Holland, 1976), although it would be 
important for molecular models of envelope growth. While 
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elongation obviously depends on growth rate, Donachie (1981) 
also suggests that elongation is proportional to cell volume 
by the relationship: 
dL/dt = (L 
U U 
/V ) (V/T)024O/'T) 
where V is volume and T is the doubling time in minutes. 
This equation correlates well with observed patterns of E. 
coli elongation (Donachie, 1981), although other models 
cannot be excluded (see Helmstetter et al, 1979). 
Whatever the exact mode of elongation, it seems 
unlikely that the rate of elongation, limited by synthesis 
of the envelope, should be always constrained to match the 
exponential increase in volume. If the pattern of elon-
gation does not exactly match the surface area requirements 
for volume growth, then we should observe changes in cellu-
lar diameter over the division cycle. Treuba and Woldringh 
(1980) have confirmed this prediction, although the effect 
is small and becomes negligible at higher growth rates. 
Therefore, the common assumption that growing cells increase 
only in length at a fixed growth rate seems, to a first 
approximation, to be valid. 
Figure 1,1 shows that a period of approximately 20 
minutes is required between the termination of chromosome 
replication and cell division (the D period, Cooper and 
Helmstetter, 1968). It is in this segment of the division 
cycle that the final stages of assembly of the division 
machinery must be completed and the apparatus set into 
operation. We may expect, then, a requirement for synthesis 
of the gene products that make up the division apparatus, as 
well as regulatory or permissive factors, before septation 
begins. Most of this synthesis conceivably could take place 
at any point before division, but several lines of evidence 
suggest that at least one division factor must be expressed 
shortly before division commences (see Section 1.6, Chapter 
2). This requirement is indicated in Figure 1.1 by an arrow 
[;j 
related to the termination event, although its characteris-
tics are not known. Eventually a point is reached on the 
division time line after which cells are committed for 
division, with no further requirements for gene expression 
(Donachie et al., 1984). 
At this point it is useful to consider the difference 
between critical periods for expression of a cell division 
gene and the pattern of expression that is normal for that 
gene. We can identify critical periods for expression of 
several genes (see Chapter 2), but we can infer nothing 
about actual patterns of expression. To investigate ex-
pression patterns, one needs to assay gene expression in the 
unperturbed division cycle. Lutkenhaus et al. (1979) 
examined total cellular proteins by 2-dimensional electro-
phoresis at different points in the division cycle, and 
found that none of the 750 polypeptides resolved by their 
system changed appreciably. They could not conclude that 
all genes are expressed continuously (for a given set of 
growth conditions) because of the limitations of their 
system, but they found no evidence that any particular 
polypeptide was synthesized only during a critical period. 
However, in the case of the chromosome replication cycle and 
the division cycle, discrete events take place that seem to 
require a trigger mechanism. If the trigger is not a 
relatively large burst of expression of an effector mole-
cule, then what else could it be? Possibilities include 1) 
differential rates of specific protein synthesis with 
respect to cell growth, such that effector molecules either 
accumulate or become diluted (this could account for the 
critical mass for initiation of replication); 2) periodic 
synthesis of an effector polypeptide, in amounts too low to 
be detected by the 2-D system, that alters the activity of 
already-synthesized proteins; and 3) changes in activities 
of specific proteins due to development of critical spatial 
relationships of other factors, such as a cell wall elon-
gation "clock" (Mendelson, 1982). Other theories could be 
devised, but it must be remembered that periodic synthesis 
of regulatory factors has not been ruled out. All of these 
possibilities are consistent with the observation that 
timing of events in the division cycle correlates with the 
cell having attained specific critical dimensions. 
Figure 1.1 summarizes the processes that normally 
occur before the cell division event at time zero. The 
timing of these processes is independent of growth rate. 
Therefore, initiation of predivision events begins at least 
60 minutes before division, and the division cycle of a fast 
growing cell must have been set into action two or even 
three parent cells back. The fast growth rates achieved by 
E. coli would not be possible if division cycles could not 
overlap. The time line in figure 1.1 could be extended 
backwards to represent the "division history" of a particu-
lar cell line by superimposing each series of predivision 
events at intervals equal to the doubling time of the 
culture. 
1.4 The SOS response 
A growing cell in conditions of balanced growth 
expresses only the fraction of its genome needed to meet the 
specific catabolic and anabolic demands imposed by its 
culture medium. Expression of other genes is repressed 
unless they are induced by changing environmental stimuli. 
A system of genes that is induced in response to a specific 
stimulus is termed a stimulon. A set of stimulon genes that 
is induced by a single regulatory signal is termed a regu-
lon. Expression of a regulon typically changes the physio-
logical behavior of the cell in a manner that promotes 
survival. Balanced growth is disturbed, but the cell has 
heightened capacities to cope with an environmental chal-
lenge. One of the best characterized regulons is the SOS 
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response, induced when DNA metabolism is altered. Because 
one of the manifestations of the SOS response is inhibition 
of division, and some perturbations we may use to define the 
relationship between division and replication induce the SOS 
response, it is worthwhile to describe this system in some 
detail. 
The SOS response includes induction of pathways active 
in DNA repair and mutagenesis, prophage induction, and 
inhibition of cell division. Inducing agents include 
nalidixic acid, thymine starvation, and ts-alleles at 
several loci (all treatments which alter progression of the 
replication forks) and UV-irradiation, alkylating agents, 
and cross-linking agents (all DNA-damaging treatments). 
Reviews have been published recently by Little and Mount 
(1982) and Walker (1984). 
The SOS response is organized as follows: A variety of 
inducing signals (almost certainly related to DNA metabolism 
after a damaging event) trigger the inactivation of a single 
repressor, thereby inducing expression of at least 11 
cistrons which make up the pathways of the SOS response. 
Development of a particular SOS phenotype, such as filamen-
tation, depends on the behavior of unique molecular pathways 
operated by a subset of the derepressed cistrons. 
The repressor-inducer circuits form the core of the 
SOS response. The repressor is the lexA gene product; it 
represses its own synthesis as well as that of the recA gene 
and several other genetic loci around the chromosome. 
However, recA repression is not complete, and it is normally 
expressed at levels sufficient to allow other RecA functions 
to continue. In the presence of an appropriate inducing 
signal, the RecA protein is altered such that it takes on a 
protease activity. One of the proteins recognized by the 
RecA protease is LexA. Upon LexA cleavage by RecA protease, 
the genetic functions of the SOS response are induced. 
The arm of the SOS response leading to inhibition of 
cell division has recently been better characterized through 
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a molecular genetics approach. One of the loci induced by 
LexA cleavage is sulA (mapping at 22-minutes, Huisinan and 
D'Ari, 1982, see figure 1,2). The sulA product is a poly-
peptide of approximately 18,000 daltons (Mizusawa and 
Gottesman, 1983), and acts to prevent cell division by 
blocking the action of the suiB product, which locus was 
recently shown by Lutkenhaus (1983) to be allelic with the 
essential cell division gene ftsZ (discussed in detail in 
Sections 1.6 and 2.4). 
The Su1A-FtsZ interaction must be in some way revers-
ible, otherwise cells would not be able to recover from 
filamentation. In fact, another protease, the ion gene 
product, has been shown to degrade Su1A, thereby relieving 
division inhibition. The Lon protease (also called CapR, 
molecular weight 94,000, Zehnbauer et al., 1981) plays an 
important role in degrading other cellular polypeptides (see 
Section 1.6), and ion mutants understandably have complex 
phenotypes (Schoemaker et al., 1982), including a hyper -
sensitive cell division inhibition in response to even mild 
DNA damage. 
The SOS response is invoked often these days in 
interpretations of division cycle experiments, especially 
those concerned with characterizing the relationship of 
division to chromosome replication (see Section 1.6). Many 
experiments have had to be reinterpreted in light of an 
improved understanding of SOS effects, and other experiments 
will need to be repeated with the SOS factor eliminated (by 
a sulA deletion, for example). Some of the questions 
addressed by these early experiments remain unanswered 
today, although we are approaching a level of understanding 
at which answers should be possible. 
1.5 Envelope synthesis and assembly 
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The processes that incorporate new envelope material 
must overcome several physical and topological problems. 
How is new material added to the sacculus without permitting 
extrusion of the cell membrane and lysis? How are new 
phospholipids, proteins, lipopolysaccharides and peptido-
glycan subunits synthesized in the cytoplasm or cell mem-
brane and translocated to the periplasm and outer membrane? 
How is the synthesis of each of the three layers coordinat-
ed, and how is growth constrained to occur by elongation 
only? How is cell diameter increased by an increasing 
growth rate and how is it maintained essentially constant 
during growth at a fixed rate? The molecular mechanisms 
behind each of these questions are hardly known, yet ongoing 
investigations are bringing us closer to answers. Some of 
these will be reviewed here. 
Growth of the cell membrane requires phospholipid and 
protein synthesis and assembly into a topologically correct 
structure. Biosynthetic enzyme systems for phospholipids 
are located in the membrane itself (see Cronan, 1978 for a 
review) and incorporation of new lipids takes place by 
self-assembly. Envelope protein synthesis requires the 
combined activities of the complex PSS and the secretory 
apparatus. 
The secretory apparatus is just beginning to be 
understood (see Randall and Hardy, 1984 and Inouye and 
Halegova, 1980 for recent reviews). Assembly of envelope 
proteins occurs during the stages of polymerization mediated 
by the ribosome, and seems to combine mechanisms of self 
assembly and assembly directed by the ribosome, secretory 
apparatus, and cell membrane. Many envelope proteins are 
synthesized with NH 3 -terminalsignal sequences that 
interact with the secretory apparatus such that the nascent 
polypeptide is polymerized through special secretory sites 
in the envelope (signal peptide hypothesis, see Blobel and 
Dobberstein, 1975). Some envelope proteins do not appear to 
use this mechanism, but instead are composed of polypeptide 
13 
chains capable of conformational changes at the cytoplas-
mic-cell membrane interface that position the molecule into 
its stable membrane conformation (membrane trigger hypothe-
sis, Wickner, 1979). Growth of the cell membrane probably 
in no way limits cell envelope growth, and this discussion 
will focus on the outer layers. 
The outer membrane, not unexpectedly, also appears to 
be constructed by a self-assembly mechanism (Yamada and 
Mizushima, 1978). The problem lies in translocating outer 
membrane components across the cell membrane. The inner 
face of the outer membrane is probably continuous with the 
outer face of the cell membrane at fusion sites (Bayer, 
1974), so phospholipid synthesis and assembly should be 
straightforward. Lipopolysaccharides complete their bio-
synthetic steps in the cell membrane, and translocation to 
the outer face of the outer membrane almost certainly occurs 
at fusion sites. Polypeptides are probably also translocat-
ed at fusion sites (Osborn and Wu, 1980), and lipopoly-
saccharide interactions may play a role in their final 
assembly into the outer membrane. Assembled products must 
then diffuse away from the assembly sites (in accord with 
the fluid mosaic model, Singer and Nicholson, 1972) to allow 
assembly of emerging polypeptides to proceed. Lipoprotein 
is also assembled at fusion sites (Osborn and Wu, 1980), but 
the mechanism by which it enters the periplasmic space is 
not known. Control of linkage to the peptidoglycan sacculus 
has not been well characterized, but newly added peptido-
glycan begins linkage to lipoprotein soon after its addition 
to the sacculus, and the process is essentially complete 
one-half generation later (Burman and Park, 1983). 
The outer membrane probably plays little role in 
maintaining cellular morphology, but it may function indi-
rectly in some stages of morphogenesis (see Section 1.6). 
One likely possibility is that the outer membrane carries 
topological information essential to those growth processes 
that determine the shape of the sacculus. 
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Due to its obvious role in structural integrity and 
morphogenesis, the peptidoglycan layer has been the focus of 
many cell envelope growth studies. This discussion will 
review the mechanisms of peptidoglycan synthesis and assem-
bly, some of the enzymes that direct this construction, and 
a recent molecular model describing how this construction 
might be organized. 
Peptidoglycan synthesis begins with synthesis of the 
basic subunit, the muropeptide, consisting of an (N-acetyl-
glucosamine-muramic acid) disaccharide backbone and a 
pentapeptide side chain. Construction of the muramic acid 
residue and addition of the five amino acids (L-alanine, 
D-glutamic acid, Meso-diaminopimelic acid, and D-alanyl-D-
alanine) occurs in the cytoplasm (Mengin-Lecreulex et al., 
1982). Addition of the N-acetyl-glucosamine residue and 
translocation to the outer face of the cell membrane takes 
place on a membrane-bound undecaprenol carrier (see Tipper 
and Wright, 1979, for review). In the presence of a suit-
able acceptor site in the pre-existing peptidoglycan 
sacculus, the muropeptide is released from the lipid carri-
er, transglycosylated into the growing glycan chain (poly-
merization), and cross-linked (transpeptidated) with ad-
jacent peptide side chains. In the predominant mode of 
peptidoglycan assembly, the cross-linking reaction requires 
a pentapeptide "donor" side chain in suitable configuration 
with a tetrapeptide "acceptor" side chain. The penultimate 
donor D-alanine is linked to the acceptor Meso-DPA, with 
cleavage of the donor terminal D-alanine (see below). 
Uncross-linked side chains are rapidly converted to tetra-
peptides by the action of a periplasmic D-alanine carboxy-
peptidase (dePedro and Schwarz, 1981), thereby limiting the 
transpeptidation reaction. Mature peptidoglycan is only 
about 25% cross-linked, on average (Waxman and Strominger, 
1983; see below), and evidence is accumulating that the 
degree of cross-linking may influence the shape of the 
sacculus (Torti and Park, 1981; Markiewicz et al., 1982). 
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Glycan chain structure reveals much about sacculus 
organization and construction. Average chain length is 30 
muropeptide residues (de Pedro and Schwarz, 1981), and they 
assume a spiral conformation, such that pentapeptides 
radiate in all directions from the longitudinal axis of the 
chain (Barnickel et al., 1983). EM and X-ray diffraction 
studies suggest that glycan chains are oriented perpendicu-
lar to the long axis of the cylindrical cell, and that 
chains lie roughly parallel to each other (Burge et al., 
1977, Verwer et al., 1978). 
At constant growth rate, and hence constant diameter, 
peptidoglycan growth processes must account primarily for 
intercalation of parallel glycan strands to achieve elon-
gation of the cylindrical cell (Burman et al., 1983) and 
incorporation of polar caps to achieve septation and 
division. From a structural point of view, cylindrical 
peptidoglycan is different from polar peptidoglycan, and it 
appears that the growth mechanisms resulting in its forma-
tion are different too (see below). 
Some of the enzymes that are responsible for peptido-
glycan assembly are known. These are primarily the penicil-
lin- binding proteins (PBPs), represented by at least seven 
distinct classes in E. coli (reviewed by Waxman and 
Strominger, 1983; Matsuhashi et al., 1982, 1981; Spratt, 
1977). They are all membrane proteins, and some of them 
have been well characterized. Their properties will be 
briefly summarized here, followed by discussion of a molecu-
lar model for peptidoglycan synthesis that is based on the 
PBP functions. 
The PBP1 group consists of PBP1A, encoded by the mrcA 
locus, and 3 PBPBs, probably all expressed by the mrcB locus 
(see Table 1.2, Figure 1.2), Why the mrcB product should 
appear as 3 different bands is not understood. The PBP1 
proteins represent the major peptidoglycan synthetic activ-
ities in the cell. Genetic or pharmco1ogica1 inhibition of 
PBP1 group functions causes cessation of peptidoglycan 
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synthesis and eventual lysis. The fact that individual mrcA 
and mrcB mutations are well tolerated suggests that their 
functions may be redundant, however loss of either one 
causes the cell to become exquisitely sensitive to penicil-
lin. Both of these enzymes are bifunctional with trans-
glycosylase and transpeptidase activities, thus they are 
well suited to construct new glycan chains and to cross-link 
them into the growing sacculus. 
Another PBP with transpeptidase and possible trans-
glycosylase activities, PBP2, is encoded by the p2A locus. 
Mecillinam binds specifically to PBP2, and produces the 
characteristic phenotype of ovoids and spheres of various 
sizes. Mecillinam-resistant E2A mutants grow slowly as 
small, round cells. These results suggest a role for PBP2 
in maintaining regular cylindrical growth. Both the PBP1 
group and PBP2 are thus essential for elongation, the former 
by providing net peptidoglycan synthesis, and the latter by 
determining cylindrical organization of new peptidoglycan. 
Possible mechanisms by which these proteins participate in 
orderly growth of the sacculus are presented later in this 
section. 
Whereas the first two groups of enzymes presented 
appear to function primarily in elongation, PBP3, encoded by 
ftsl, appears to function specifically in septation. ftsl 
maps to the 2 minute cluster containing several genes 
specifically involved in cell division, and is the only one 
of these genes for which a biochemical assay is available. 
PBP3 has dual transglycosylase and transpeptidase activ -
ities, and its properties suggest that it functions to build 
the septal peptidoglycan required by the division process. 
Broome-Smith et al. (1985) have constructed a site-directed 
mutat--t- 	based on active site serine predictions i-oi the 
ftsl sequence (Nakamura et al, 1983) in which serine-307 has 
been replaced by cysteine. Expression of the PBP3CYS307 
allele produces a dominant inhibition of division, suggest-
ing that the inactive enzyme is able to replace the wild 
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type enzyme stoichiometrically in an enzymatic complex that 
is part of the septation apparatus. PBP3 may not be the 
only PBP involved in septation, as the recently discovered 
PBP1c has also been implicated (Botta and Park, 1981). 
PBPs 4, 5, and 6 all carry D-alanine-carboxypeptidase 
activity, and therefore could regulate peptidoglycan assem-
bly by limiting the abundance of pentapeptide precursors for 
the cross-linking reaction. One of the cell's major car-
boxypeptidases is PBP5, encoded by dacA. Levels of PBP5 can 
be increased almost 4-fold by cloning dacA into a pSC101 
vector, and cells with increased dacA expression grow as 
ovoids reminiscent of PBP2 inhibition. Markiewicz et al. 
(1980) found that both PBP2-inhibited and PBP5-induced 
ovoids have increased levels of peptidoglycan cross-linking, 
leading these authors to propose the following model for 
morphogenesis of the sacculus: PBP2, which organizes 
cylindrical assembly of peptidoglycan, preferentially 
requires a pentapeptide substrate. However, D-alanine-
carboxypeptidase activity, including a large contribution 
from PBP5, competes for these substrates and converts them 
to the less favorable tetrapeptide substrate. If tetra-
peptides are preferentially acted upon by PBP3, as suggested 
by Botta and Park (1981), then PBP5 could act as a switch 
from elongation to septation by changing the pentapeptide to 
tetrapeptide ratio. Mirelman et al. (1977, 1978) do in fact 
describe a cyclical variation in carboxypeptidase activity, 
finding low levels in cells that elongate without dividing 
and high levels in synchronous cultures prior to cell 
division. This model has not been extensively tested, but 
it will likely lead us to a more complete understanding of 
molecular interactions in peptidoglycan assembly. 
The discussion thus far has featured activities of 
specific enzymes involved in synthetic and degradative 
peptidoglycan metabolism. Of course, the penicillin-binding 
assay reveals only a few of the processes underlying morpho-
genesis. We can expect to find important roles for non- 
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penicillin-sensitive factors as well, and only through 
better characterization of these proteins, along with the 
PBPs, can we hope to improve our understanding of the 
molecular mechanisms of elongation and septation. The 
fundamental question remains: How are these activities 
coordinated in a mechanism that directs sacculus growth and 
morphogenesis? 
While cell surface growth models are numerous, a 
recent molecular model proposed by Burman and Park (1984) 
elegantly integrates a collection of observations at the 
molecular and cellular levels. Their model begins with the 
controversial question of sacculus growth sites. Are new 
glycan chains added at topologically defined growth zones or 
are they diffusely intercalated into the peptidoglycan 
network? (Reviewed by Verwer and Nanninga, 1980; Burman et 
al., 1982.) They approach this question through the kinet-
ics of a [ 14C]DAP label during incorporation as donor 
muropeptides through maturation as acceptor muropeptides 
(the acceptor and donor halves of a muropeptide cross-linked 
dimer are stereochemically distinct). Their results suggest 
approximately 100 separate sites of incorporation, dependent 
on endopeptidase, transglycosylase, and transpeptidase 
activity. Their molecular model relies on 3 assumptions, 
which have been discussed above: 1) glycan strands are 
arranged in parallel, perpendicular to the long axis of the 
cell; 2) incorporation of new muropeptide subunits occurs 
through simultaneous transglycosylation and transpeptidation 
(Burman and Park, 1983; although not every muropeptide 
becomes cross-linked at the incorporation phase, those that 
do are linked simultaneous with the polymerization re-
action); and 3) only the new muropeptides possess the 
pentapeptide side chains required of donor substrates in the 
transpeptidation reaction. Note that this model only 
pertains to elongation, and has not been extended to septa-
tion processes. 
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The Burman-Park model holds that a group or complex of 
plasma membrane enzymes follow along pre-existing sacculus 
glycan strands destined to serve as crossbridging acceptors. 
An endopeptidase opens a groove between adjacent strands 
while transglycosylase and transpeptidase activities incor-
porate new muropeptide chains and perform the preliminary 
transpeptidation for cross-linking. These membrane enzymes 
follow along in the direction of glycan strand extension in 
an eternal helical path, with approximately eight minutes 
required to extend new glycan about the circumference. This 
is equivalent to about 2500 muropeptide subunits at a rate 
of five muropeptides/sec at 37°C in minimal glucose media. 
Approximately 90 enzyme complexes are required over the 
surface of the cell, and two strands are incorporated 
simultaneously at each site. The helical path of the enzyme 
complex causes new glycan strands to be incorporated adja-
cent to the strands that were freshly added on the previous 
round. Of the two strands that are simultaneously laid 
down, the trailing strand is given twice as many peptide 
cross-links as the leading strand, resulting in a heavily 
cross-linked, permanent groove and a lightly cross-linked, 
temporary groove. The enzyme complex preferentially follows 
the temporary groove, requiring a minimum of endopeptidase 
cleavages to separate strands at the growth site. Thus, the 
trailing strand should form "permanent" crossbridges with 
the pre-existing peptidoglycan network and "temporary" 
crossbridges with the leading strand. The leading strand 
should form temporary crossbridges with both the trailing 
strand and the pre-existing peptidoglycan network. There is 
no evidence that distinguishes between the possible pathways 
of maturation of lightly crossbridged grooves. Are all 
lightly crossbridged grooves destined to accommodate a new 
glycan strand, or do some mature through secondary trans-
peptidation? The enzyme complex would have to reinitiate 
new chains roughly every 30 muropeptides, the average length 
of a glycan chain. 
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Speculation as to the identity and organization of the 
growth site enzymes relies primarily on the PBPs. The major 
PBPs 1A and lBs are candidates for the major transglyco-
sylase and transpeptidase activity at the growth site, while 
PBP4 could well serve as the major endopeptidase activity. 
Spratt (1977) estimates about 230 molecules of PBP1A and lBs 
(together) and 110 molecules of PBP4 per cell, consistent 
with 90 growth sites per cell. Because transpeptidations 
between a left-sided acceptor and right-sided donor are 
stereochemically different from those between a right-sided 
acceptor and left-sided donor, two different glycan syn-
thetic species could reasonably be expected at each growth 
site. PBP2, with a level of 20 molecules per cell (Spratt, 
1977), could not be found at every growth site, but those 
few molecules could determine the overlapping or end-to-end 
organization of separate glycan chains around the circumfer-
ence, perhaps by controlling reinitiation of new chains. 
PBP2, of all the PBP5, is found preferentially in cylindri-
cal regions of the growing sacculus (Buchanan, 1981). 	PBP5 
and PBP6, by removing terminal alanine residues, could 
switch new glycan chains from a donor to an acceptor role in 
crossbridge formation. 
A different model of sacculus growth that deserves 
mention is the helical growth model presented by Mendelson 
(1982). Although his model differs from the Burman-Park 
model in molecular detail, some general aspects of helical 
addition of new wall material are shared by the two. 
Mendleson's model goes beyond molecular interactions to 
offer a theoretical basis for 1) septation, by reversing the 
twist of newly inserted glycan chains; 2) a clock for timing 
of cell cycle events; and 3) a mechanical basis for chromo-
some segregation. Although both of these models offer 
exciting new explanations and predictions, their accuracy 
remains to be determined. 
Finally, envelope growth models must account for the 
differential effects of surface tension on an expanding 
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network surrounding a hydrostatically pressurized interior. 
These factors play a major role in morphogenesis and have 
been described in a model by Koch and Burdett (1984), but 
they are not directly relevant to the focus of this thesis. 
1.6 Morphogenesis 
Division of the growing cell marks the beginning and 
end of what was termed the "division cycle" in Section 1.3. 
This event culminates the processes of envelope growth that 
produce progeny cells generally identical to the rest of the 
population. The fact that environmental or genetic pertur-
bations yield cells of different shape suggests that ongoing 
morphogenetic determinants are active between division 
events. Donachie et al. (1984) coined the term "morpho-
genetic cycle", which includes division as well as the 
inter-division events that affect cell shape. 
Why morphogenetic controls are important to cell 
growth may not at first seem obvious. The disadvantages of 
morphological changes in a filamenting cell serve as a 
useful example. Filamentation does not promote survival. 
The cellular investment of building blocks and energy is 
locked up into relatively few, vulnerable units, motility is 
impaired, and regulation of growth processes may be expected 
to become increasingly chaotic as an increasing number of 
semi-autonomous "unit cells" add their signals to a common 
space. As was discussed in Section 1.3, regulatory signals 
in the division cycle seem to be triggered as the cell 
reaches critical dimensions. Therefore, morphogenetic 
regulation helps to ensure that cells in growing populations 
remain maximally functional and viable. 
Table 1.1 shows a classification scheme for phenotypes 
of mutants with morphological perturbations. Note that 
considerable overlap occurs between classes of mutations 
because many of them give pleiotropic phenotypes. Donachie 
et al. (1984) have discussed the "morphogenes" defined by 
these mutations, and the following discussion is adapted 
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Table 1.1 
Classification scheme for the morphogenes of E. coli 
Class Function 
1 genes involved in muropeptide biosynthesis 
2 genes involved in cylindrical elongation of the 
sacculus 
3 genes affecting outer membrane proteins that 
influence morphogenesis 
4 genes linking division with DNA replication 
5 genes involved in septation site-localization 
and nucleoid segregation 
6 genes involved in initiation of septation 
7 genes required for septation 
8 genes involved in cell separation 
9 genes influencing septation site inactivation 
from their review. Note that my Classes 1,2, and 3 do not 
correspond exactly to those listed by Donachie et al. The 
morphogenetic loci are illustrated in Figure 1.2 and de-
scribed in Table 1.2. 
Class 1 morphogenes, responsible for muropeptide 
synthesis, give the characteristic mutant phenotype of lysis 
under restrictive conditions (see Section 1.2). Their 
significance lies in the fact that they provide the sub-
strates used by enzymes that direct peptidoglycan assembly. 
Most of the amino acid-adding enzymes are produced by genes 
in a tightly linked cluster mapping at 2 minutes and will be 
discussed in Chapter 2. 
Class 2 morphogenes, responsible for cylindrical 
peptidoglycan assembly, give a variety of mutant phenotypes. 
The loci previously described consist of the PBP genes mrcB 
for PBP1Bs, mrcA for PBP1A, pbpA for PBP2, dacB for PBP4, 
and dacA for PBP5. Two other types of genes also seem to 
affect cylindrical growth, and both types are recovered as 
mutations conferring mecillinam resistance. One is the rodA 
locus, which maps in the same 15 minute cluster as R2A and 
dacA. The product of the rodA gene is a 31,000 dalton 
protein, which like PBP2 is associated with the plasma 
membrane (Stoker et al., 1983), but no enzymatic activity 
has been demonstrated for it. The other class of mutations 
all map near the cya and crp loci at 85 and 74 minutes, 
respectively. Both cya and crp strains grow as small, round 
cells, although they do become slightly more spherical in 
the presence of mecillinam. These strains are also unable 
to form filaments when division is inhibited, in contrast to 
rodA and pbpA strains, suggesting that cylindrical growth 
requires participation by the cAMP-CAP complex. Donachie et 
al. (1984) propose that the cAMP-CAP complex negatively 
regulates septal peptidoglycan assembly. This could account 
for the small, round cells that are produced by a cya or 
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Figure 1.2 
The morphogenes of E. coli 
Fifty-four morphogenetic loci are shown from the 
genetic map of E. coli K-12, Edition 7 (Bachman, 1983) and 
other sources (see Section 1.6 for further details). 
Adapted from Donachie et al, 1984. 	lexA and recA are not 
primary morphogenes, but are included in parentheses because 
of their role in SOS-dependent inhibition of division. 
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crp strain. Supporting this argument are: 1) cAMP added 
to cya mutants restores rod shape and mecillinam sensitivity 
(Aono et al., 1979), and 2) another allele, designated f Ic 
(Utsumi et al., 1982) produces the phenotype of filamen-
tation upon addition of cAMP. Septation resumes when cAMP 
is removed or CGMP added. Although fic maps very close to 
crp, the mutants exhibit different phenotypes, and Utsumi et 
al. (1982) feel that they are nonallelic. It remains 
possible that fic is a dominant allele of crp with prop-
erties of enhanced septation inhibition, but this has not 
been investigated. 
The mechanism of the similar envB phenotype is poorly 
understood, but again it is possible that envB represents a 
different £.. allele. 
Whether the cAMP-CAP complex inhibits septation at the 
level of gene expression or enzymatic activity has not been 
shown conclusively. However Utsumi et al. (1983) report 
that an unknown 40,000 dalton protein is expressed upon in-
duction of f Ic filamentation by cAMP. In at least some 
cases of division inhibition, then, the crp and cya products 
act at the level of gene expression. Evidence will be 
presented in Chapter 2 that the cAMP-CAP complex also 
affects expression of a cell division gene. 
Class 3 morphogenes, responsible for outer membrane 
proteins involved in morphogenesis, consist mainly of 2A, 
coding for one of the major outer membrane proteins, OmpA, 
and a variety of loci that direct lipoprotein synthesis and 
incorporation into the outer membrane. 122, the structural 
gene for lipoprotein, maps at 36 minutes. Deletion muta-
tions are known (Hirota et al., 1977), but seem to give 
minor phenotypic abnormalities: The outer membrane appears 
less tightly bound to the sacculus, especially at septation 
sites, periplasmic proteins leak during growth, and cells 
are more sensitive to a variety of external toxins (Fung et 
al., 1978). An allele is also known that appears defective 
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enzyme 
D-alanyl-D-alanine adding 1 
enzyme 
murein biosynthesis 1 
L-alanine adding enzyme 1 
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Table 1.2 The morphogenes of E. coli 
(as mapped by Bachman, 1983; other references in text) 
Locus Gene symbol Function/Product Class 
0 dnaK septation (heat shock protein) 6, 	7 
2 mraA D-alanine carboxypeptidase 1, 	2? 
2 mraB D-alanine requirement 1 
2 ftsl PBP3 	(transpeptidase/ 1, 	6, 	7 
transglycosylase) 







PBP1Bs 	 1, 2 
septation 	 7 
protease La; inactivation 	4 
of sfiA protein 
inactivation of septation sites 9 
PBP5; D-alanine 	 2? 
carboxypeptidase 
cylindrical growth 	 2 
Locus Gene sy2LDol Function Class 
15 pEA PBP2; transpeptidase/ 1, 2 
transglycosylase 
22 2A outer membrane protein 3a 3 
22 sfiA inhibitor of ftsZ protein 4 
26 minB inactivation of septal sites 9 
29-31 ftsG septation/viability 6, 7? 
36 1pp murein lipoprotein 3 
49 ftsB septation/viability 6, 7? 
69 dacB PBP4; D-alanine 1, 2? 
carboxypeptidase 
69 ftsH septation 6 
71 envB cell shape 2 
74 crp cAMP-binding protein (CAP) 2 
74 fic cAMP-sensitive septation step 6, 7, 	2? 
74 cha division/cell shape 6, 7, 	2? 
75 mrcA PBP1A; transpeptidase! 1, 2 
transglycosylase 
75 envZ regulation of outer membrane 3? 
proteins 
76 ftsE septation 6, 7 
76 fain murein lipoprotein control? 3, 6, 	7 
76 ftsS septation 6, 7 
81 envC septation 7 
82 2.A chromosome segregation 5? 
83 yB DNA gyrase B; chromosome seg- 5 
regation and septum placement 
82-83 ftsF septation/viability 6, 7? 
85 cya adenyl cyclase; cell shape 2 
86 ftsD septation 6, 7 
86 fcsA septation 6, 7 
90 mrbA UDF-N-acetylglucosaminyl- 1 
3-enolpyruvate reductase 
90 mrbB murein biosynthesis; D-alanine 1 
required 
90 mrbC murein biosynthesis 1 
90(ca) fts-124 septation 6, 7 
in cross-linking to the sacculus, with a similar phenotype 
(Wu et al,, 1977). Torti and Park (1980) report a mutation, 
f am (mapping at 76 minutes), temperature sensitive for 
division and low lipoprotein levels. They propose that this 
locus is somehow involved in regulating lipoprotein assembly 
as well as in processing one or more proteins involved in 
division. The close proximity and similar phenotypes of fam 
and ftsE (figure 1.2, see class 7 morphogenes), raises the 
possibility that they are allelic, although Salmond and 
Plakidou (1984) feel that they represent different elements 
in yet another morphogenetic cluster. 
OmpA protein is unusual in that it appears to be 
preferentially incorporated and located at cell poles and 
nascent septa (Begg and Donachie, 1984). The role this 
protein plays is not clear, but it seems unlikely to be a 
porin (Nikaido and Varra, 1985). OmpA associates with 
lipoprotein (Palva, 1979), and possibly with the underlying 
sacculus (Endermann et al., 1978), although these asso-
ciations have not been characterized. The protein appears 
divided into a large N-terminal membrane-associated domain 
and a C-terminal domain exposed in the periplasmic space. 
ompA mutants have relatively normal morphology, although, 
like 	strains, the outer membrane appears unstable. 
2mpA-12a double mutants, however, grow as ovoid cells 
(Sonntag et al., 1978), reminiscent of pA and rodA 
strains. The question, then, is what role do these loci 
play in directing envelope growth? They are both probably 
involved in involution of the outer membrane as division 
septa split (Fung et al., 1978), although this is not likely 
to be the mechanism behind ovoid growth. The double-mutant 
phenotype may be related to an exaggerated separation 
between the outer membrane and the sacculus. Rodriguez-
Tebar et al. (1985) report that most of the PBPs, including 
PBP2, are found approximately equally divided between the 
outer and cell membranes. Thus, PBP2 may be rendered 
topologically ineffective by outer membrane distortions in 
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cells with neither OmpA or lipoprotein to organize the outer 
membrane relative to the sacculus. Whatever the morpho-
genetic mechanisms of the i-ppA phenotype, it seems to be 
secondary to perturbations in outer membrane organization. 
Class 4 morphogenes control the pathways that link 
division with chromosome replication. Normal cell division 
results in only 0.1% "DNA-less cells" (Howe and Mount, 
1975), implying that the timing of division is somehow 
regulated relative to termination of replication. Attempts 
to dissociate division and replication generally lead to 
inhibition of division through the SOS response. The 
questions remain: Are theCt other mechanisms coupling 
division with replication, and does the SOS response play a 
role in unperturbed cell division? 
Huisman et al. (1983) present strong evidence that the 
SOS response plays no role in normal division cycle control. 
They found that sulA+  and sulA strains were quite similar 
in size and DNA content, and that sfiA expression could only 
be demonstrated in situations where the SOS system was 
induced. They account for the observed increased frequency 
of DNA-less cells in recA strains through higher levels of 
spontaneous DNA degradation (Capaldo and Barbour, 1975), and 
find lexA strains probably to behave similarly. sulA almost 
certainly represents the sole SOS division inhibition 
pathway, because sulA and suiB are able to completely 
suppress filamentation when the SOS system is induced in the 
absence of DNA damage (for example, by a lexA(ts) allele; 
George et al., 1975). 
When DNA replication is inhibited, however, even 
SfiA, recA, and lex(Ind) strains begin to filament, 
albeit after a long delay (Inouye, 1969, 1971; Burton and 
Holland, 1983; Huisman et al., 1983), suggesting that a 
sul-independent, SOS-independent mechanism exists to prevent 
division before termination of replication. This filamen-
tation follows different kinetics than SOS-induced 
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filamentation (Burton and Holland, 1983) such that D-period 
cells, already committed for division, are able to complete 
the process even if DNA replication is inhibited. The 
residual low levels of division that remain produce small 
cells of various lengths, and these cells contain no DNA 
(Inouye, 1969). In contrast to the sfiA-dependent pathway 
of division inhibition, the independent pathway is not 
sensitive to rifampicin (Burton and Holland, 1983), suggest-
ing that expression of another division inhibitor protein is 
not a likely mechanism. Both sfiA-dependent and independent 
pathways require the recA locus (Burton and Holland, 1983), 
presumably through quite different mechanisms. Both path-
ways operate only in cells actively replicating their 
chromosomes. 	Schoemaker et al. (1982) report the identi- 
fication of a RecA-independent, Lon-protease-sensitive 
polypeptide (11,000 dalton) induced by inhibition of cell 
division, confirming that more components of pathways 
regulating cell division await identification. 
All of the above observations are consistent with a 
general mechanism of division in which replicating chromo-
somes are somehow bound to potential division sites, phys-
ically or chemically blocking septation at these sites until 
replication has terminated. (Note that such a model is also 
consistent with cellular organization as presented in 
section 1.2 and 1.3). The termination event presumably 
alters the association of the chromosome with the septation 
site, acting in a permissive capacity to allow septation to 
proceed. Certain mutants, such as a dnaAts strain, unable 
to initiate new rounds of chromosome replication do not 
elicit the SOS response or the alternative response, giving 
rise to cells that continue to elongate and divide to 
produce DNA-less cells (Donachie et al., 1984; Hirota et 
al., 1968). However, the cells that contain the chromosome 
are always longer (2 to 4 cell lengths) than DNA-less cells 
and wild type cells, as if the chromosome prevented septa-
tion at the central division sites. 
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Other models could be constructed to account for these 
observations, although they would probably have to contain 
the larger part of the interpretations presented above 
concerning SOS division inhibition, the alternative pathway, 
and the nucleoid block. One observation that has not been 
dealt with is the period of protein synthesis required early 
in the D period (Donachie et al., 1979). Whether this 
period of synthesis actually represents a control signal to 
the division apparatus that replication has terminated, such 
as the termination protein of Jones and Donachie (1973), or 
whether it represents some other requirement for orga-
nization and assembly of the division apparatus remains to 
be shown (Donachie et al., 1979; see Figure 1.1, events 
surrounding termination). 
Class 5 morphogenes include those involved in posi-
tioning of the septation site and nucleoid segregation It 
should come as no surprise that these properties should be 
related in view of the above discussion of the nucleoid 
block. Nucleoid segregation very likely depends on the 
association between the chromosome and the envelope 
(reviewed by Leibowitz and Schaecter, 1975), although the 
specific factors that perform the linkage, the chromosome 
domains involved, and the envelope sites involved are not 
known. Cell fractionation studies have repeatedly demon-
strated that some envelope and chromosomal markers co-
purify. Particular studies have found evidence implicating 
oriC, the terminus, the replication fork, and random se-
quences (Worcel and Burgi, 1974) in linkage with both cell 
membrane and outer membrane components (Kornberg, 1982). 
Chromosome replication does not depend on membrane-bound 
factors in vitro (Kornberg, 1982), thus the chromo-
some-envelope association may play no other role than 
segregation. Characterizing the elements of this linkage 
may reveal the nature of the septation site-localizing 
mechanism. 
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A priori, we could expect the septum site-determining 
mechanism to be somehow sensitive to cell elongation, such 
that septation is initiated at the proper location when cell 
length reaches 2L.  Whether the mechanism is actually 
sensitive to cellular dimensions, perhaps by counting the 
number of glycan chains intercalated, or whether it responds 
to a level of regulation underlying elongation is not known. 
In fact, only a few septum-localization mutants are known, 
indicating perhaps that the mechanism tolerates alterations 
poorly. As mentioned before, Inouye (1969) reported a recA 
allele that produced some small DNA-less cells of various 
sizes when DNA synthesis was perturbed. These cell sizes 
were not quantitatively analyzed, hence it is impossible to 
conclude that their lengths were truly random. 
In contrast, deficiencies in the expression or activi-
ty of the yB gene product, the B subunit of DNA gyrase, 
leads to aberrant division localization, producing cells of 
random size distributions (Herrero et al., 1982; Fairweather 
et al., 1980; Orr et al., 1979). All other classes of 
division mutants are able to form septa at predicted lo-
cations related, not surprisingly, to L (Donachie et al., 
1984) 
The mechanism of the 	B effect seems to be, in part, 
indirect. DNA gyrase B, carrying the ATPase activity of the 
holoenzyme, is essential for decatenating interlocked, newly 
replicated chromosomes (Steck and Drlica, 1984). Catenated 
chromosomes are not able to segregate, and in fact, dumbell-
shaped nucleoids are seen in 	A andB mutants. A 
nucleoid block seems particularly likely in these strains. 
Also, gyrase deficiencies will interfere with maintenance of 
negative supercoiling needed for initiation and progression 
of replication and transcription, thereby affecting gene 
expression as well as chromosome structure (Wahie et al., 
1984). Furthermore, as in the case of gyrase A-subunit 
inhibition, B-subunit inhibition does induce an SOS 
response, although at much lower levels (Smith, 1983). 
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Therefore, the mechanism behind altered placement of septa-
tion sites is likely to involve complex participation by 
adaptive cellular pathways. 
The only other mutant known to give random locali-
zation of septa is described by Donachie et al. (1984). 
Although this mutation is unmapped, its general phenotype 
suggests that it is not allelic with 	Like yB(ts), 
this mutant is unable to segregate its nucleoid. Details of 
the mechanism that directs sites of assembly for the septa-
tion apparatus are not clear, but it seems likely that 
nucleoid duplication and segregation are intimately associ-
ated with this mechanism. 
Class 6 morphogenes are responsible for initiation of 
division. Septation cannot begin until all components of 
the septation apparatus are properly assembled, and it would 
not be unreasonable to predict that one or more of these 
components would function only in initiation. The mutations 
at ftsH (Santos and de Almeida, 1975) and an unmapped locus 
nonallelic to ftsH (Donachie et al., 1984) give the prop-
erties expected of an initiator mutation. After a shift to 
42°C, these ts-mutants continue to divide at a normal rate 
for 20 minutes, the time required to complete septa initi-
ated early in the D period, before division stops abruptly. 
Other possibilities that could account for this behavior 
include ts-expression or assembly of a gene product required 
in stoichiometric quantities for the septation apparatus or 
the slow inactivation of a septation gene product. 	Thus, 
while an initiation step in septation remains an intriguing 
possibility, it is by no means a certainty. 
Class 7 morphogenes are involved in septation. A 
variety of genetic defects cause filamentation, but the 
mechanism by which filamentation occurs may be indirect. 
Hence, several loci are included in class 7 even though they 
probably play no direct role in septation. These include 
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the heat shock gene dnaK (0 mm), the secretory apparatus 
gene secA (2 mm, see Chapter 2), azi (2 mm, see chapter 
2), and the uncharacterized mutants ftsG (29-31 mm) and 
ftsB (49 mm; Ricard and Hirota, 1973). 
In contrast, a variety of loci appear to be involved 
specifically in septation. These include the relatively 
well-characterized ftsl (2 mm., coding for PBP3; see 
section 1.5 and Chapter 2), ftsQ, ftsA, and ftsZ (2 mm., 
see Chapter 2), ftsD, ftsE, and ftsF (86, 76, and 82 mm. 
respectively; Ricard and Hirota, 1973), and fts "ASH124" (90 
mm.; Holland and Darby, 1976). All of these fts-alleles 
(filamenting temperature sensitive) produce long, multi-
nucleate filaments at the restrictive temperature. Resolv-
ing filaments produce septa at regular distances along the 
filaments, between segregated nucleoids, and all sites are 
generally equally capable of division (Tormo and Vicente, 
1984; Donachie et al., 1976). ftsA is unique A  all the 
other fts mutations in that its filaments have regular 
indentations at blocked septation sites. This phenotype 
suggests that ftsA is required at a stage after initiation 
of septation, and may not be a component of an organized 
septation complex. The fact that ftsA is the most commonly 
isolated class of fts-mutations (K.J. Begg, personal 
communication) supports this conclusion. ftsQ, ftsA, and 
ftsZ are discussed in detail in Chapter 2 and beyond. 
Two other loci seem to influence septum completion 
after initiation: a cold sensitive allele of sefA (4 mm.; 
Normark et al., 1976) and a nonconditional allele of envC 
(81 mm.; Rodolakis et al., 1973). These loci are not well 
characterized. 
Class 8 morphogenes are required for separation of 
newborn cells after septation has been completed. Sepa-
ration is accomplished by cleavage of the double-layered 
peptidoglycan septum and involution of the outer membrane 
over the nascent pole (see Section 1.2). Although some 
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outer membrane mutants seem slightly altered in division 
site envelope structure (see Class 3 morphogenes), it is the 
peptidoglycan-splitting step that seems to limit cell 
separation. 
Two mutants are known that grow as chains of cells, 
with longer chains at higher rates of growth: the noncondi-
tional envA (2 mm.; Normark et al., 1969) and cha (73 mm.; 
Donachie et al., 1984). The envA phenotype was described in 
Section 1.2, and will be considered in detail in Chapter 2. 
In brief, this strain appears to have decreased levels of 
N-acetylmuramyl-L-alanine amidase (Wolf-Watz and Normark, 
1976), which is important in cleaving the double-layered 
septum. The pleiotropic phenotype conferred by the envA 
mutation raises the possibility that this locus is involved 
primarily in envelope permeability, and that loss of amidase 
activity is secondary. 
The cha allele has not been well characterized, but it 
does give rise to chains of cells that are similar to envA 
chains. The cha defect can be suppressed by a single extra 
copy of envA (as a envA lysogen; Begg, unpublished 
results), suggesting that these loci might both be part of a 
tightly regulated envelope process. Overproduction of EnvA 
protein is deleterious to cells (Sullivan and Donachie, 
1984b; see Chapter 2), perhaps by damaging secretory and 
permeability functions or by destroying the integrity of the 
sacculus. 
Class 9 morphogenes are involved in inactivating 
division sites once a septum has been located there. A 
septation site-inactivation requirement might not have been 
anticipated were it not for the fact that mutations have 
been recovered in which cell poles (previously used septa-
tion sites) appear equally likely to serve as a division 
site as a centrally located site (Adler et al., 1967; 
Teather et al., 1974). Polar divisions produce minicells, 
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while in the same population filaments of characteristic 
incremental lengths accumulate (Teather et al., 1974). 
Two loci have been associated with the minicell phenotype: minA 
(10 mm.; Frazer and Curtis. 1975) and minB (26 mm.; Schaumberg and 
Keumpel, 1983). Originally it was believed that a double mutation in- 
cluding each of these loci was required to produce the minicell phenotype, 
but 	 R6 (1984) have shown that the min8 allele is 
sufficient. 	 Teather  
et al. (1974) suggest that each division cycle triggered by 
an L_doub1ing allows production of only enough septation 
materials to construct one septum. Cells with more than one 
potential division site can use these materials at only one 
site. If the site is polar, then a minicell is produced and 
the parent cell enlarges by approximately 2Lu• All 
potential division sites can be used indefinitely and with 
equal probability. 
Although minicell division behavior does suggest that 
a mechanism exists to inactivate used septation sites, an 
alternative model is that inactivation occurs as a normal 
consequence of constructing a septum, and that the minA and 
minB products interact to modify septum construction in such 
a way that some components of the potential division site 
remain exposed. Elucidation of the role of the minA and 
minB loci will no doubt reveal important characteristics of 
the division site. 
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Chapter 2 organization and function of a cluster of cell 
surface and cell division genes mapping to the 
2-minute region 
2.1 Introduction 
The distribution of genetic loci affecting E. coli 
morphogenesis is striking: figure 1.2 shows both general 
clustering about the origin of replication (oriC) and 
several smaller, regional clusters of morphogenes. The 
significance of the tendency for cell surface growth and 
cell division genes to map near oriC lies perhaps in the 
fact that these essential genetic functions are required by 
the cell within tightly regulated limits (Stoker et al., 
1982) and position near oriC assures a more even gene dosage 
per volume DVec 	eej- growth roJeS (Donachie and Mas- 
ters, 1969). 
Several of the local clusters have been studied in 
detail. Mapping at approximately 76 minutes (see figure 
1.2) is a cluster containing the essential cell division 
genes ftsE and ftsS, the lipoprotein gene f am, the cell 
lysis control gene dnaM, and the heat shock regulon gene 
htpR/hin (Salmond and Plakidou, 1984). Mapping at approxi-
mately 15 minutes is a cluster containing the structural 
genes for penicillin-binding proteins 2 and 5 (pA and 
dacA, respectively), an unidentified protein of 54,000 
molecular weight, and the cell shape gene rodA, all of which 
appear to be involved in organizing cylindrical assembly of 
the sacculus. (Stoker et al., 1983a). The most impressive 
clustering occurs, however, at the 2-minute region where at 
least 14 genetic loci have been identified that play essen-
tial roles in cell surface growth, physiology, or division. 
Several of these genes were the target of my investigation, 
and the remainder of this paper will be concerned with their 
characterization. 
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2.2 Isolation and characterization of mutants with genetic 
defects mapping to the 2-minute region 
A class of ts-mutants of E. coli K-12 was isolated by 
Rorsch (cited in Wijsman, 1972) that lyse when grown at the 
restrictive temperature. From this collection of mutants, 
several specific genetic loci were identified, and their 
biochemical activities were characterized through assays 
performed by Lugtenberg et al. (see below). All of these 
loci were concerned with the amino acid addition steps in 
the pathway of muropeptide biosynthesis (see Table 1.2; 
Figure 2.1). murC was identified to be the locus of L-ala-
nine-adding enzyme, murE corresponded to meso-diamino-
pimelate-adding enzyme, and murF corresponded to D-alanyl-
D-alanine-adding enzyme (Lugtenberg et al., 1972a and 
1972b). ddl corresponded to D-alanine:D-alanine ligase 
(Lugtenberg et al., 1973). The order of these genes was 
determined to be murE murF murC ddl, and these loci mapped 
between leu and ftsA (Wijsman, 1972). 
These biochemical assignments were reproduced by a 
different collection of ts-mutants isolated by Matsuzawa et 
al. (1969) and Miyakawa et al. (1972). They also identified 
2 other loci mapping between leu and murE: mraA, correspond-
ing to a D-alanine carboxypeptidase activity, and mraB, 
corresponding to an unknown peptide required for alanine 
usage. These loci obviously are involved in peptidoglycan 
metabolism, but at different levels than those of the mur 
cluster. 
Another series of mutants have been constructed and 
described by the group of Lutkenhaus, Begg, and Donachie 
(see below), in which amber mutations of cell surface and 
division genes appear in the background of a ts-amber 
suppressor. One of their mutants lead to identification of 
a locus mapping between murF and murC, designated murG 
(Salmond et al., 1980). This mutant has a similar phenotype 
at the restrictive temperature to other mur(ts) mutants, but 
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no biochemical role has yet been assigned. All that can be 
said at the present time is that murG plays an essential 
role in peptidoglycan synthesis. 
The other major class of ts-mutants mapping to the 
2-minute region are those that are unable to complete cell 
division at the restrictive temperature, but continue growth 
to form long filaments. In several cases, the ts-inhibition 
of division appears as part of a pleiotropic response to a 
primary defect in permeability or secretory functions of the 
cell surface. Oliver and Beckwith (1981) describe a mutant 
that accumulates some, but not all, precursors of pen-
plasmic and envelope proteins at the restrictive tempera-
ture. This strain also filaments under these conditions, 
but the filaments consist of cells that have completed 
septation without separation (see below for discussion). In 
subsequent analysis (1982) they have identified a genetic 
locus, designated secA, mapping to the right of envA (see 
figure 1.2). They determined that transcription was in a 
clockwise direction relative to the genetic map and that the 
gene product was a 92,000 dalton polypeptide. The mutant 
was complemented by a specialized lambda transducing phage 
carrying secA. This result strongly suggested that the 
primary defect is specifically in some part of the secretory 
apparatus of the cell, rather than the alternative hypo-
thesis of an altered secA product jamming up the secretory 
machinery. The nature of the cell division effect is not 
known, but it is tempting to speculate that one or more 
envelope or periplasmic components of the division apparatus 
are prevented from reaching their proper destinations. 
A series of ts-mutants determining azide resistance is 
described by Yura and Wada (1968), and their corresponding 
genetic locus is designated azi. Its biochemical defect is 
not known, but azi(ts) strains grow as filaments at the 
restrictive temperature. Unfortunately, there is little 
description in the literature of the physiology of azi 
strains, except in relation to effects of azide and 
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phenethyl alcohol. 	azi maps just to the right of secA, and 
its proximity suggests a possible primary role in secretion 
or envelope permeability. 
A nonconditional mutant, envA, has been described by 
Normark (cf. Wolf-Watz and Normark, 1976). Like the 
secA(ts) mutant, envA strains grow as chains of septated, 
unseparated cells. The average length of the chains depends 
on growth rate, with an equilibrium length being established 
at each new rate, suggesting that these cells are in some 
way impaired in the separation phase of division. They are, 
however, competent for separation given the required amount 
of time. Wolf-Watz and Normark (1976) present evidence that 
envA strains have a drastic reduction in N-acetylmuramyl-L-
alanine amidase activity. Fractionation studies suggest 
that this amidase is associated in large part with the outer 
membrane. They proposed a role for the amidase in cleaving 
the double layer of peptidoglycan found in nascent septa 
(see Chapter 1), thereby allowing cell separation. envA 
strains also show abnormalities in envelope permeability, 
possibly related to extensive blebbing of the outer mem-
brane. 
The primary biochemical defect leading to the pleio-
tropic phenotype of envA mutants is not clear, however envA 
does not appear to be the structural gene for the amidase. 
The envA gene product was determined to be 31,000 daltons 
(Lutkenhaus and Wu, 1980), while the amidase has a molecular 
weight reported at 39,000 (van Heijenoort et al., 1975). 
Thus, envA could code for a protein with a primary role in 
the secretory apparatus or regulation of permeability, both 
which could secondarily influence amidase activity in the 
envelope or periplasm. Only one mutation in envA has been 
isolated, and high levels of envA expression are deleterious 
to the cell through an unknown mechanism (Sullivan and 
Donachie, 1984b). 
Within the envA-secA-azi region, most of the available 
coding capacity is filled except for a segment between envA 
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and secA, containing enough DNA to code for an average sized 
protein (Oliver and Beckwith, 1982). In fact, N.F. Sullivan 
discovered a promoter just to the right of envA, reading in 
a clockwise direction (as do all of the genes in this large 
cluster, see below) that apparently expresses a genetic 
function between envA and secA (Sullivan and Donachie, 
1984b). This putative gene, designated "U" (for unknown) in 
figure 1.2, awaits further characterization through the 
techniques of molecular genetics. 
Although many intriguing similarities exist between 
envA, secA, and azi, there have been no studies to date 
comparing their mutations for common properties such as 
azide resistance, amidase activities and envelope protein 
secretion. Elucidation of the mechanisms of action of the 
cell-surface, cell-separation, and secretory functions of 
the envA "U" secA azi cluster will likely reveal much about 
these essential cellular processes. 
Whereas the chain-forming mutants just described 
appear blocked at a late stage of cell division, other 
filamenting mutants in the 2 minute region appear blocked in 
initiation and completion of septation. Allen et al. (1974) 
report the isolation of several filament-forming ts-mutants. 
Fletcher et al. (1978) subsequently showed that one of these 
strains had a mutation at a locus mapping between leu and 
murE, designated ftsl. Spratt (1977a,b) showed that ftsl 
corresponds to the structural gene for penicillin-binding 
protein 3, involved in septal peptidoglycan synthesis. Like 
other fts strains, ftsl grows well at 30°C, but septation is 
blocked at the restrictive temperature so that continued 
growth produces long, smooth-walled filaments. 
By the late 1970s many groups had isolated mutants of 
the fts phenotype, and some of these mapped to the 2-minute 
region. Each group had introduced their own nomenclature, 
resulting in considerable confusion about which mutations 
corresponded to which genetic loci. A study of several of 
these mutants by Lutkenhaus et al. (1980) revealed that they 
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corresponded to two distinct loci, designated ftsA and ftsZ, 
mapping between ddl and envA. ftsZ mutants had a phenotype 
identical to other fts alleles, such as ftsl. In constrast, 
ftsA mutants form filaments with indentations at the loca-
tions of potential septation sites (described in Section 
1.6). Presumably, these represent nascent septa that have 
been blocked in completion by defective ftsA product. This 
is the behavior that would be expected of a cell division 
gene that was required for progression of septation, but not 
for initiation of the process. 
In a related study, temperature sensitive cell divi-
sion mutants were selected by a filtration method (Begg et 
al., 1980, see below). These were screened for complemen-
tation with a series of specialized transducing phage 
carrying segments of the genome between murG and envA. One 
mutation was identified by the complementation results to 
correspond to a previously unknown fts locus, designated 
ftsQ. As is typical of other fts loci, ftsQ strains cease 
division immediately upon shifting to the restrictive 
temperature and form smooth filaments. 
In summary, the 2-minute region consists of a remark-
able series of genetic clusters concerned with muropeptide 
biosynthesis, peptidoglycan assembly, septation and divi-
sion, and the secretory/ permeability apparatus. Genetic 
and biochemical analysis has revealed some aspects of the 
function of these genetic elements, but our general under-
standing remains poor. Of the 4 fts loci that map to this 
cluster, only ftsl has been somewhat characterized biochemi-
cally. The remainder of this chapter discusses the prelimi-
nary work that has been done on the molecular genetics of 
some of the loci between ftsl and envA, with special 
emphasis on ddl, ftsQ, ftsA, and ftsZ. 
2.3 The role of ftsA in cell division 
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A series of nonsense mutations were constructed in a 
temperature sensitive amber suppressor strain, and one amber 
mutation was mapped to ftsA (Lutkenhaus and Donachie, 1979). 
A specialized transducing phage was constructed to comple-
ment this mutation by extension of a ,AenvA transducing 
phage (constructed by in vitro recombination of Hindill 
genomic fragments with a plaque forming, integration profi-
cient A
.
i! 21) in an attB-deleted strain of E. coli K-12. 
A plaque forming transducing phage, designated \16-2 was 
selected and subsequently found to carry a genomic insert 
extending from murG through envA (see figure 2.1). This 
recombinant phage has formed the core of our molecular 
genetics approach to the 2-minute region (see below). 
Lutkenhaus and Donachie (1979) were able to identify 
the ftsA gene product using a A16-2 derivative with the 
ftsA-amber allele transferred onto the phage. This deriva-
tive was used to infect uv-irradiated cells and the gene 
products produced by the transducing phage were labeled with 
[ 35 S]-methionine. A protein of 50,000 molecular weight 
was assigned to ftsA. In addition, 2-dimensional electro-
phoresis of an ftsA(ts) allele showed no change in charge or 
mobility of the active ftsA product, 	 suggesting 
that this allele carried a missense mutation. They also 
estimated ftsA expression in a homoimmune lysogen (in which 
expression of inserted sequences is under genomic control) 
and found a level of approximately 400 molecules of the ftsA 
protein per cell. This method of measuring levels of gene 
products is, unfortunately, unsatisfactory because 1) 
uv-irradiated, multiply-infected bacterial cells cannot be 
expected to express a cell division gene as they would under 
less perturbed conditions and 2) these levels give no 
indication of the activity of the product; this would 
require a biochemical assay, which remains lacking. At 
present, no further measurements of ftsA levels and activity 
have been reported, but we can conclude that it probably is 
not expressed at high levels. 
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Figure 2.1 
)\16-2 and its deletion derivatives 
The top line represents the 15 loci that have been 
identified in the 2-minute region. 
The chromosomal insert of 16-2, shown on the next line as 
an extended rectangle, carries intact sequences from murG to 
beyond envA. Relevant restriction sites are indicated: 
H=HindII I; E=EcoRI. 
The entire insert is approximately 10 kb in size, as 
indicated by the scale bar on the next line. 
Deletion derivatives are shown below. Constructions are 
described in Lutkenhaus et al. (1979) and Lutkenhaus and Wu 
(1980) 	See text for discussion. 
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Walker et al. (1975) reported that cultures of an 
ftsA(ts) strain ceased division immediately upon shifting to 
the restrictive temperature. They interpreted this to mean 
that the functional ftsA product was required throughout the 
process of septation. In an effort to further define the 
kinetics of ftsA utilization, Donachie et al. (1979) made 
use of their ftsA amber strain. The ftsA product produced 
by this allele is temperature stable, but expression depends 
on a suppressor allele, which was made temperature sensi-
tive. Thus, their system allowed ftsA expression to be 
turned off and on by changing the temperature. 
Growth kinetics of the ftsA(Am)-F(ts) strain showed 
that division continued normally for 10 to 20 minutes after 
temperature-repression of ftsA expression. Thus, FtsA 
activity is limited to a period less than 20 minutes after 
its synthesis, implying that it is inactivated or somehow 
used up in the septation process. Because FtsA activity is 
required until completion of the final stages of division 
(Tormo et al., 1985; Donachie et al., 1979; Fletcher et al., 
1978), septation stalls as FtsA is used up 20 minutes after 
expression is inhibited. Possible roles for ftsA, on the 
basis of these results, are structural (incorporated into 
the septum) or regulatory (as a division activator or 
permissive factor). 
Donachie et al. (1979) carried out temperature pulse 
experiments with synchronous cultures (small cells selected 
from an asynchronous log-phase culture by sucrose-gradient 
centrifugation) to determine requirements for ftsA ex-
pression. They found that if conditions were made permis-
sive for ftsA expression only at early stages of the divi-
sion cycle, up to about 15 minutes before division should 
occur, then division remained inhibited. However, nonper-
missive conditions early in the cycle, up to 15-20 minutes 
before division should occur, did not inhibit division. 
Therefore, ftsA expression is not required nor is it effec-
tive if expressed until about 20 minutes before division, 
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and a burst of ftsA synthesis at this time allows cells to 
become committed to division. The kinetics of turning off 
ftsA expression suggest that either ftsA is normally ex-
pressed only during a brief period before cells become 
committed for division or that cells are only competent to 
respond to ftsA expression during this period. 
Figure 1.1 reminds us that the time period required 
for ftsA expression may coincide with the termination of 
chromosome replication, final synthesis of activation or 
permissive factors for septation, and final assembly and 
activation of the septation apparatus. Therefore, determin-
ing the role of the ftsA product in this complex orga-
nizational network will probably require deeper understand-
ing of each of these related processes. The next few 
paragraphs discuss some preliminary steps that have been 
taken. 
Tormo and Vicente (1984) compared septation in a 
thermo-irreversible allele of ftsA (ftsA3) with that in a 
thermo-reversible allele (ftsA2) and an amber allele (used 
by Donachie et al., above). They found that septation sites 
exposed to irreversibly-inactivated FtsA divided poorly when 
returned to permissive conditions. Thus, it appears that 
inactive FtsA was incorporated into the septal structure and 
blocked septation in the presence of active FtsA. In 
contrast, septation sites formed in the presence of no FtsA 
(amber strain) or reversibly inactivated FtsA (ftsA2) 
completed septation under permissive conditions. Perhaps 
FtsA is a structural component of the septum, or perhaps it 
helps to organize the septation complex. In either case an 
irreversibly inactivated ftsA product could block active 
FtsA function under permissive conditions. Even blocked 
septa seem to eventually complete septation in later divi-
sion cycles, so that FtsA binding may not be permanent in 
stalled septation sites. 
Tormo and Vicente have used their ftsA2 and ftsA3 
alleles to investigate the relationship between ftsA 
42 
expression and activity with other cell cycle events. In 
contrast to ftsA(Am) inactivation, which required about 20 
minutes before active ftsA was used up, ftsA(ts) mutants 
cease division immediately at the restrictive temperature 
(Tormo et al., 1985, 1980). ftsA3 strains required about 25 
minutes before division resumed. Division was blocked by 
chloramphenicol only during the first 10 minutes of this 
period, implying that dissassenthly of the permanently 
inactivated FtsA and reassembly may have required another 15 
minutes. By comparison, ftsA2 temperature induced filaments 
resumed division 10 minutes after a return to permissive 
conditions. Division occured in the absence of protein 
synthesis, albeit at somewhat lower levels. 
Tormo et al. (1980) repeated some of Donachie's ftsA 
timing experiments with the ftsA3 (thermo-irreversible) 
allele. Their results supported Donachie's conclusions and 
demonstrated that timing of ftsA expression and activity had 
similar division cycle requirements. 
Tormo et al. (1980) also observed that ftsA3 (thermo-
irreversible) temperature-induced filaments can be prevented 
from dividing by adding na].Ldixic acid within the first five 
minutes after a shift to the permissive temperature; addi-
tion at later times does not prevent division. They take 
this as evidence that ftsA expression requires a period of 
DNA synthesis. While this is one possible explanation, 
other possibilities must be considered. DNA gyrase, the 
target of nalidixic acid, affects transcription of many loci 
through supercoiling (Brahms et al., 1985), and loss of 
superhelical density in cis could inhibit ftsA expression. 
Nalidixic acid also induces the SOS response (see Section 
1.4), although different inducing signals can bring about 
different levels of induction of the response (Walker, 
1985). SOS induction cannot explain why division proceeds 
if nalidixic acid is added after five minutes, unless one 
assumes that FtsA3-blocked septation sites prevent SulA from 
reaching its FtsZ target. The conclusion that ftsA 
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expression requires a period of DNA replication does not 
correlate with the fact that division proceeds normally in 
cells blocked for initiation of replication (a dnaA(ts) 
strain, for example). They attempt to demonstrate a 
requirement for ftsA synthesis and action at the end of 
chromosome replication using cells aligned for initiation of 
replication by the alternate .thymine starvation-amino acid 
starvation procedure (Donachie, 1969). However cell cycle 
conclusions based on procedures that activate one or more of 
the inducible responses (Walker, 1985) must be viewed with 
extreme caution. 
The discovery that ftsA activity was required only 
during a brief segment of the division cycle prompted Begg 
et al (1980) to search for other loci with cell-cycle 
specific time requirements for action. They UV-irradiated 
an asynchronous population of cells growing at 30°C, and 
enriched for ts-mutants by filtering cells that filamented 
over 3 cycles of 5-minute, 42°C pulses imposed at each mass 
doubling of the culture, hence the name "temperature-
oscillation enrichment", or TOE. Several ftsA alleles were 
recovered, including TOE-13 (see Chapter 4), but a separate 
locus was identified by transducing phage complementation in 
TOE-1. This locus, designated ftsQ, was described briefly 
in Section 2.2. It has not been characterized as well as 
ftsA, but preliminary results suggest that ftsQ expression 
and activity may be required during the same critical period 
as ftsA (K.J. Begg, personal communication). 
2.4 Molecular genetics of the 2-minute region 
Detailed characterization of the loci involved in 
envelope growth and division requires more information on 
gene products, transcriptional organization, regulatory 
sequences, coding sequence domains, and ultimately complete 
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Table 2.1 
/\16-2  deletion derivatives: complementation results and 
gene products 
phage murG 	murC 	ddl ftsQ ftsA ftsZ envA 
16-2 + 	+ 	+ + + + + 
- - - - - + 
JFL40 - 	- - - - + 
envA - 	- - - a + 
- - - - + + 
16-25 - 	- 	b + + + + 
LE - 	- 	b + + + + 
JFL41 - 	- + + - - 
R2 + 	+ 	+ + - - - 
LE3 + 	+ - - - 
tR1 + 	- 	- - - - - 
.BE 1 
assigned 
proteins: 	48K 	65K 	(30K) 	? 	50K 	45K 	31K 
the 45K protein is expressed at weak levels, and ftsZ 
complements poorly under a narrow range of conditions. Note 
that L B gives normal ftsZ expression simply by providing 
the 3'-terminus of ftsA coding sequence. 
the 30K protein is not expressed, nor is ddl 
complemented, although it may be marker rescued. 
These results are compiled from Lutkenhaus and Wu, 1980; 
Lutkenhaus et al., 1980; Salmond et al., 1980; and my 
personal results. Blank spaces in the table represent 
complementation tests that are not published and that I have 
not performed myself. The ftsQ locus was not known at the 
time of the gene product studies, hence the assignment of 
the 30K protein is ambiguous. 
sequencing and biochemical analysis of all the genes and 
gene products in the system. 
Identification of the ftsA gene product was described 
in Section 2.2. The transducing phage that lead to its 
identification, X16-2, was used to construct deletion 
derivatives (see figure 2.1) that could be used to charac-
terize other loci from murG to envA (Lutkenhaus et al., 
1979; Lutkenhaus and Wu, 1980). 
The direction of transcription of these loci can be 
deduced by determining whether gene expression is enhanced 
or diminished in the presence of high levels of tran-
scription from P from within the transducing phage (Ward 
and Murray, 1979; Lutkenhaus and Wu, 1980). They found that 
expression from all of these loci was diminished when 
was turned on, with the exceptions of ftsQ (which was not 
known at the time), ddl (which could not be distinguished 
from phage bands) and envA, which appeared to be enhanced by 
L transcription. They concluded that all known genes 
from murG to ftsZ are transcribed in a clockwise sense with 
respect to the E. coil chromosomal map, and that envA was 
transcribed in the opposite direction. However, Sullivan 
and Donachie (1984b) report that operon fusions with envA 
have shown it to be oriented in the same direction as the 
other genes in this cluster. That it appeared otherwise in 
the phage-expression system reveals the limitations of an 
indirect method. The orientations of ddl and several other 
loci were independently confirmed by complementation results 
(see below) 
The complementation pattern of A16-2 derivatives 
(compare Table 2.1 with Figure 2.1) confirms the order of 
the genes and offers clues as to the transcriptional orga-
nization of the region. Complementation by a transducing 
phage generally correlated with expression of a unique 
protein by that phage in UV-irradiated cells. 
murG, mapping at the left end of the chromosomal 
insert in A16-2 (see Figure 2.1) corresponds to a 48,000 
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dalton protein (table 2.1). Phage expressing this protein 
complement murG. Expression of murG, then, must come either 
from its own promoter or an exogenous E. coli promoter 
reading across the attB site. Because the attP site is at 
the other end of the A16-2 chromosome insert (Lutkenhaus 
and Donachie, 1979) and phage promoters are repressed in the 
lysogenic state, murG must have its own promoter. 
Phage complementing murC express a 65,000 dalton 
product (table 2.1). /\A Rl does not complement murC, 
although it can marker-rescue certain murC alleles (Lutken-
haus et al., 1980), and it expresses a 45,000 dalton protein 
that is most likely to be a "run-off" polypeptide bearing 
only the N-terminus of murC. Therefore, the murC coding 
sequence can extend at most approximately 540 base pairs to 
the right of the Hindill site defining one boundary of the 
chromosomal insert in 7\LR1 (assuming an average of 110 
daltons per amino acid in E. coli polypeptides), and at 
least 1230 bp to the left of that site (this data is includ-
ed in figure 4.5, showing the fine organization of loci on 
the )'16-2 insert). This result also confirms the orien-
tation of murC. Because murC expression in cloned fragments 
has not been studied in the presence of a murG deletion, it 
is impossible to conclude whether murC has its own promoter 
or whether it is expressed from the murG promoter (see 
figure 4.5). 
Because ftsQ was not known at the time of their 
experiment, the gene-product assignment of ddl by Lutkenhaus 
and Wu (1980) is equivocal. Certainly all the phage in 
their experiment that complement ddl produce a unique 30,000 
dalton polypeptide, but these phage also complement ftsQ 
(results not shown). Not all phage that produce the 30,000 
dalton product complement ddl, though they marker rescue ddl 
alleles; they do all however complement ftsQ. Several 
recombinant phage are known that complement ftsQ, but not 
ddl ( AJFL41, Lutkenhaus et al., 1980; >\FH16, Begg et al., 
1980; ,AGH16, G.F. Hatfull, PhD thesis; and \JFL100, 
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Donachie et al., 1983). Of these phage, AJFL41 was shown 
not to produce the 30,000 dalton protein (Lutkenhaus and Wu, 
1980). Therefore, the most likely assignment of the 30,000 
dalton gene product is to ddl, as was originally suggested, 
but further results are needed to confirm this assignment 
(see Chapter 6). 
If ddl codes for the 30,000 dalton protein, then why 
does \16-25, which extends beyond ddl into murC (Lutkenhaus 
and Wu, 1980), fail to complement ddl, even though it 
expresses the 30,000 dalton protein in UV-irradiated cells? 
The answer is that expression of ddl in X16-25-infected 
cells probably occurs from the phage promoter PI
R 
 (Lutken-
haus and Wu, 1980; Murray, 1977), which would be repressed 
in the lysogen. ddl expression in the lysogen would then 
depend solely on promoters carried by the chromosomal insert 
(see below). Then we must conclude that ddl expression 
depends on a promoter upstream of murC murC if it 
exists, or PmurG•  Other transducing phage that carry ddl 
but not the left end of murC fail to complement ddl (results 
not shown), suggesting that ddl is organized in a transcrip-
tional unit with murC and possibly murG. This possibility 
will be considered in Chapters 4, 5, and 8. 
Several recombinant phage have been constructed 
carrying the 2.3 kb EcoRI fragment in a lambda replacement 
vector (AJFL41, /\JFL100, /\GH16, \FH16, see above). 
These phage all complement ftsQ (results not shown), however 
considerable evidence has accumulated that P ftsQ  does not 
lie on this EcoRI fragment (see Chapters 4, 5, and 8). How 
then can we account for ftsQ expression in lysogens carrying 
these phage? Three possibilities are that transcription 
originates from phage, host, or fortuitous junction promot-
ers. Because N616, the vector used in these constructions 
(Wilson and Murray, 1979), carries the EcoRI insertion site 
just to the left of the attP site, PI
R 
 would be the 
nearest phage promoter that could transcribe across the 
insert in the prophage state. PI however should be 
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repressed in the prophage (Murray, 1983). Even if small 
amounts of transcription from 	reached the EcoRI site 
in the prophage, only those constructions with the insert in 
the proper orientation should be able to express ftsQ. At 
least one construction, AJFL100, is known to carry the 
insert in the orientation opposed to PI
R 
 so that another 
mechanism seems likely. The translational start for ftsQ in 
JFL100 lies very near to the attP site (see Chapter 8), 
therefore a host promoter between bio and attB and directed 
toward attB could conceivably direct expression of ftsQ in 
the prophage, although such a promoter has not been de-
scribed. The orientations of the insert in AJFL41, 
\FH16, and >GH16 have not been published, therefore one 
would have to propose that they were oriented in the same 
direction as the insert in AJFL100 to account for 'ftsQ 
expression by an exogenous promoter. A fortuitous fusion 
promoter cannot be ruled out, though it remains an unlikely 
possibility. 
ftsA complementation by A16-2 derivatives was 
straightforward (see Table 2.1) and suggested that ftsA 
could be expressed independently of sequences upstream of 
ftsQ. Because no deletion derivatives inactivate ftsQ, it 
could not be determined whether ftsA has its own promoter or 
whether it lies in a transcriptional unit with ftsQ. The 
gene product assigned to ftsA by Lutkenhaus and Wu (1980) 
was identical to that assigned to ftsA by a similar method 
(Lutkenhaus and Donachie, 1979; see above). 
ftsZ complementation results were somewhat complicat-
ed. All phage carrying the 3.2 kb Hindill fragment (see 
figure 2.1) could complement ftsZ, although AenvA+, which 
carries only this fragment, complements poorly. These phage 
also direct synthesis of a unique 48,000 dalton protein, 
although ,\envA+  expresses this protein weakly. Therefore 
ftsZ expression and complementation are improved if se-
quences upstream of the leftward Hindlil site are added to 
the insert (as in NAB). The amount of sequence does not 
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have to include the ftsA promoter (ALB does not complement 
ftsA), however it must include ftsA coding sequence (the 
Hindlil site cuts ftsA, compare )LxR2 with A16-25). We may 
conclude that ftsZ has its own weak promoter, mapping 
between EcoRI and Hindlil sites and an "enhancer" sequence 
upstream of the Hindlil site. The enhancer improves ftsZ 
expression and therefore behaves as would be expected for a 
second promoter. Expression of ftsZ is discussed in detail 
in Section 2.5 and Chapters 4, 5, and 8. 
The only remaining unique protein expressed by X16-2 
has a MW of 31,000, and indeed, only those phage that 
complement envA directed synthesis of this protein. envA 
expression is not dependent on any other loci, therefore it 
must have its own promoter. Both the envA promoter and a 
promoter in the same orientation just downstream of envA, 
expressing an unknown genetic function, have been inves-
tigated by Sullivan and Donachie (1984b) and will not be 
considered further here. 
2.5 Characterization of FtsZ (SulB) 
One of the mutations that suppresses a lexA(ts) 
mutation (ts-constitive SOS response) maps to the 
2-minute region (suiB, Huisman et al., 1980b). Like sulA 
strains, suiB strains express other components of the SOS 
response, but they do not become inhibited for division. 
Therefore, sulB mutants behave as if the expression or 
action of a cell division gene SOS-target had become resis-
tant to sulA inhibition. 
Lutkenhaus (1983) constructed a 	derivative 
carrying a sulB allele, and used this phage to map sulB with 
respect to the cell division genes in the 2-minute region. 
He showed that sulB was allelic with ftsZ, and that sulB 
alleles gave a slightly ts-FtsZ product with a slightly 
slower mobility than the FtsZ protein. ftsZ is a likely 
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target for an inducible division inhibiting response, 
because it seems to be involved at an early stage of divi-
sion. These conclusions were corroborated by an independent 
investigation (Jones and Holland, 1984) using Tnl000 inser-
tions to map suiB. Both studies found that 3'-terminal ftsA 
sequences greatly increased ftsZ expression, and Jones and 
Holland agreed with the conclusion that an ftsZ promoter 
lies in the distal 40% of the ftsA coding sequence. 
The fact that ftsZ(sulB) alleles are dominant to 
ftsZ+ suggests that FtsZ is normally active either as an 
oligomer or associated with other polypeptides in a func-
tional division complex. One would then predict that 
increasing dosage of ftsZ+, and especially ftsZ(sulB) 
(which is resistant to SulA), could displace FtsZ-SulA in 
SOS-blocked septation sites. Lutkenhaus indeed found that -se 
ftsZ(sulB), and to a lesser extent ftsZ +, allowed septa- 
tion to continue even when the SOS response was induced. 
This result also implies, as do the kinetics of SOS division 
inhibition, that SulA acts by binding to FtsZ protein, 
rather than to an ftsZ sequence. However, ftsZ repression 
during an SOS induction cannot be ruled out at this time. 
The suggestion that ftsZ has at least 2 promoters, one 
within ftsA coding sequence, implies that regulation of ftsZ 
expression may be complex. In any case, protein synthesis 
is required for division in cells recovering from SOS 
induction (Jones and Donachie, 1973), which may indicate a 
requirement for new ftsZ expression. 
Further clues into the mechanism of SulA inhibition of 
FtsZ have been gained by studies of a lacZ-ftsZ fusion 
protein (Ward and Lutkenhaus, 1984). The operon fusion, 
under lac control, produces a hybrid protein carrying seven 
N-terminal LacZ amino acids followed by about 90% of the 
C-terminal FtsZ amino acids. Introduction of the hybrid 
protein resulted in cessation of division within 30 minutes, 
but increased dosage of ftsZ + or ftsZ(sulB) could relieve 
the division block. These results favor a "mixed multimer" 
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model for inhibition by Su1A and its analogue, the hybrid 
LacZ-FtsZ protein, but they do not rule out the other 
possibility, which is that Su1A binding to a separate target 
site blocks FtsZ action. A C-terminal ftsZ(am) mutation 
yields an amber LacZ-FtsZ fragment which has no effect on 
division, suggestion that the extreme C-terminus of the FtsZ 
protein is involved in oligomerization or target site 
binding. 
2.6 Transcriptional activity of the ftsZ "enhancer" 
Lutkenhaus has constructed a different lac operon 
fusion vector, AJFL100 (described with respect to ftsQ in 
Section 2.4), that is of use in studying ftsZ expression. 
The insert in NJFL100 carries the entire ftsQ coding 
sequence, but not its promoter, and the 5 1 -terminal segment 
of ftsA up to the Hindill site (equivalent to the insert of 
pDK340 in Figure 5.3). The promoters on this fragment would 
then be P ftsA  and the putative P ftsz2  "enhancer" to the 
left of the Hindill site (P2 in figure 4.5). lacZ ex-
pression is under control of these 2 promoter regions in 
)JFL100, thus beta-galactosidase activity is an index of 
promoter activity in lysogens. 
Donachie has used this system to characterize ftsZ 
expression (the P ftsz2  component) and possibly ftsA 
expression (Donachie et al., 1983, 1984). Because ftsA is 
normally expressed at very low levels (Lutkenhaus and 
Donachie, 1979; see Chapter 	' ftsA is unlikely to give 
a significant contribution to lacZ expression in JFL100. 
The most striking feature of P ftsz2  transcription is 
that it is independent of growth rate (Donachie et al., 
1983, 1984). Therefore, the same number of ftsZ transcripts 
would be produced per septum formed, irrespective of cell 
size. This behavior is consistent with the thinking that 
ftsZ is required in a fixed amount per septal structure. 
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The mode of regulation of P ftsZ2  activity to give a 
constant dose of transcripts per septum is not known, but 
expression appears to be periodic in synchronous cultures of 
a XJFL100 lysogen (Donachie et al., 1983). Also, the 
cAMP-CAP complex seems to be involved in regulation. 
ftsZ2 transcription is increased in a cya strain, but 
returns to normal upon addition of exogenous CAMP (Donachie 
et al., 1984). Because cAMP-CAP is known to modulate other 
septation activities, this effect 4PfSZ2 could be primary 
or secondary. 
ftsZ2 transcription is also increased in certain 
cell division mutants. An ftsA amber mutant causes a 
five-fold increase in P ftsZ2  activity, perhaps because the 
ftsA product represses P ftsZ2  or P ftsA  Other ftsA, 
ftsQ, ftsZ and ftsl alleles cause less increase, and some 
alleles (ftsE, lexA, and envA, for example) have no effect. 
The lexA(ts) result suggests that SOS induction will not 
affect ftsZ expression. This prediction has been confirmed 
by Donachie et al. (1983), therefore SfiA does not act at 
the level of ftsZ expression. Why other septation mutations 
should increase ftsZ expression is not clear, but presumably 
it reflects the manner in which synthesis and organization 
of the septation apparatus is regulated. 
2.7 Unresolved questions concerning the organization of the 
2-minute region 
So far we have generated many clues about how division 
is organized, but many gaps remain to be filled. In a 
systematic approach to characterizing the 2-minute region we 
could begin with the DNA sequence, move to investigating 
transcriptional regulatory signals, then to studies on 
transcription and translation in vivo, and finally to 
biochemical analysis of the gene products. Sequencing 
studies are being carried out in our lab by Dr. A.C. 
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Robinson and will be discussed in Chapter 8. I chose to 
investigate organization at the next level, by analyzing 
segments of the 2-minute region with respect to their 
ability to express a specific gene product. I focused on 
the chromosomal segment between the left Hindill site and 
the fourth EcoRI site (see Figure 2.1) because this region 
represents the boundary between a cluster primarily con-
cerned with muropeptide synthesis (ending at ddl) and a 
cluster primarily concerned with septation (beginning at 
ftsQ). This segment also contains sequences responsible for 
expression of the three division genes ftsQ, ftsA, and ftsZ, 
the latter two of which have been somewhat characterized. 
I approached this investigation with several specific 
questions in mind, generated by the information presented 
above. 
Can direct methods confirm that the orientations inferred 
by Lutkenhaus and Wu (1980) are correct? 
What are the minimum sequences required for expression 
and coding of these genes? 
Which segments carry promoter activity, and do these 
promoters correlate with expression of specific genes? 
Do any segments function as transcriptional terminators? 
Can the 30,000 MW protein ambiguously assigned to ddl be 
confirmed by direct means? 
Can the ftsQ product be identified by direct means? 
My general approach was to subclone chromosomal 
segments into a multicopy plasmid vector and then to carry 
out extensive deletion and complementation analysis (Chapter 
4); to subclone segments into a 	operon fusion system 
for promoter and terminator analysis (Chapter 5); and to 
subclone the intact ddl and ftsQ genes into an expression 
vector for gene product identification (Chapter 6). Several 
incidental observations on effects of manipulating ftsQ and 
ftsA sequences are presented in Chapter 7. Chapter 8 
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summarizes my conclusions and correlates them with the 
sequencing results independently generated by A.C. Robinson. 
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Chapter 3 Methods and Materials 
Most of these methods have been described in Robinson et 
al., 1984, which makes up Appendix B. 
Media: all media are given in Appendix B. 
Strains: 
W3110 (prototroph), laboratory stock; 
C600K (g1K thr leu thi lc 	nA pE), R. Hayward; 
DS410 (mj.nA minB prototroph), N. Wi11es; 
PC1358 (thr lu tp his tflyA thi lac gl yl uiII ara tgpA pjix 
rL ±Jis), E.J.J. Lugtenberg 
TOE-1 (fQ (ts) tjyA 	E leu his pro tj 	i), K. Be gg; 
TOE-13 (A (t s) thyA aE leu his pro tflr thi), K. Begg; 
NFS 6 (as C600K plus recA Tcr  gyrA), N. Sullivan 
Transducing phage: constructions are described in Chapter 2 
and in Lutkenhaus and Wu (1980). 
Biochemicals and enzymes: see Appendix B. 
DNA techniques and recombinant constructions: see Appendi-
ces A and B. Restriction digests were performed either 
according to the manufacturers recommendations or, for 
routine analysis, in universal buffer (33mM Tris-acetate (pH 
7.9), 10mM magnesium acetate, 66mM potassium acetate, and 
0.5 mM dithiothreitol). 
Restriction fragments were isolated by separating them on 1% 
agarose gels in Tris-acetate buffer (5mM sodium acetate, 1mM 
EDTA and 40 mM Tris [pH 7.5)); the desired band was cut from 
the gel and the agarose was dissolved in 10 mM potassium 
phosphate (pH 6.8) saturated with potassium iodide; the 
sample was loaded onto a hydroxyapatite column and washed 
through with 50 mM potassium phosphate (pH 6.8); bound DNA 
was eluted with 400 mM potassium phosphate (pH 6.8); the 
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DNA-containing fractions were pooled and loaded onto a 
Sephadex G-50 column and the column was run with dH 2O; 
DNA-containing fractions were pooled and ethanol precipitat-
ed. 
Colony hybridization: see Appendix B. 
Galactokinase assays: see Appendix B and McKenney et al. 
(1981). Assay results were analyzed as follows: relative 
activities between clones assayed at the same time could be 
compared directly, but activities measured in repeated 
experiments tended to fluctuate. The fluctuations were such 
that relative activities between clones remained constant, 
but that these relationships were lost when a series of 
repeated assays were simply averaged together. Therefore it 
is useful to calculate a number related to all of the assay 
activities measured at the same time, which could be com-
pared to a similar number calculated for a repeated experi-
ment. This number is taken to be the mean of all galacto-
kinase activities that were measured in the same assay 
repetition, termed the " group mean " . Group means calculated 
for each repeat of the enzymatic assay experiment can then 
be normalized to each other, and the original measurements 
may then be normalized relative to their normalized group 
mean. Data processed in this fashion preserves the same 
relationships between clones that are seen as trends across 
a series of repeated galactokinase activity determinations. 
It is this averaged, normalized data that is presented in 
Tables 5.1, 5.2, and 5.3. 
Minicell-expression system: pHtJB2 recombinants were trans-
formed into a DS410 strain already carrying pRK248. Mini-
cells were prepared by banding on three successive sucrose 
gradients (sucrose gradients prepared by freezing 20% w/v 
sucrose in M9-glu media and thawing prior to use). 2 x 
10 10  cells were resuspended in M9-glu and incubated for 30 
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min at 30°C to allow degradation of parent cell transcripts,, 
10 uCi of 35 S-methionine was added and the mixture incubat-
ed for 4 hours at 42°C. The mixture was chased with 40 ug 
of cold methionine and incubated another 15 min at 42°C. 
Cells were then boiled in loading buffer (0.6 g SDS; 1 ml 
2-mercaptoethanol; 4 ml glycerol; 1.25 ml 0.5 N Tris, pH 
6.8, diluted to 10 ml with dH 2O). The sample was run on a 
7 to 20% polyacrylamide gradient gel, and fixed gels were 
dried and set up for autoradiography. 
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Chapter 4 Subcloning and deletion analysis of the 
murC -ddl-ftsA--ftsZ region 
4.1 Subcloning from ALE 
The chromosomal sequence of interest is carried by the 
A16-2 deletion derivative ALE (see figure 2.1). Figure 
4.1 shows the convenient restriction fragments for 
subcloning. pBR325 carries unique EcoRI, BamHI, and Hindlil 
sites (see Figure 4.2) and hence was a suitable vector for 
the initial subclonings, which are described in detail in 
Appendix A.I. pKOl is the vector used for the gal-operon 
fusion experiments (see Figure 5.1; Chapter 5), and all 
fragments were eventually subcloned into this vector. The 
complementation results shown in Figure 4.5 include both 
pBR325 and pKOl clonings. A positive complementation was 
indicated by the ability of the transformant to form 
colonies at 42°C, and in the case of ftsQ and ftsA, to do so 
without filamentation. 
An EcoRI cloning was attempted to insert the four 
chromosomal EcoRI fragments into pBR325 (see Appendix A). 
Only three of the fragments were recovered, due to the fact 
that the 2.5 kb envA fragment is not stable in high copy 
number vectors (Sullivan and Donachie, 1984b). The 840 and 
540 bp EcoRI recombinants were designated pDK5 and pDK7 
respectively. 2.28 kb EcoRI recombinants were recovered but 
were not used as they previously had been constructed by G. 
Hatfull (Robinson et al., 1984; G. Hatfull, PhD thesis). 
Neither pDK5 nor pDK7 complemented ddl (results not shown). 
Similarly, a BarnHI cloning was used to insert the 1.18 
kb BamHI fragment into pBR325 (see Appendix A.1). Recom-
binants were recovered carrying the insert in both orien-
tations, and both of these complemented ddl. One of these, 
pDK20, is shown in figure 4.5. Orientation of the insert is 
defined by the clockwise, or left to right, transcription 
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Figure 4.1 
Subcloning from from the transducing phage XAE 
The extended rectangle represents the chromosomal sequences 
carried by ME, shown in Figure 2.1. These sequences 
include the 3 1 -terminus of murC and extend to the normal 
right end of the A16-2 insert. 
Relevant restriction sites are indicated, and their 
corresponding fragments are shown above and below the phage 
diagram. 
H=HindIII, top line 
B=Bam}II, middle line 
E=EcoRI, lower line 
The 2.28 kb EcoRI fragment size has been confirmed by 
sequencing (Robinson et al, 1984, in Appendix B). It is 
referred to in the rest of this thesis as the 2.3 kb EcoRI 
fragment. 
The 1.18 kb BamHI fragment was sized by Smith and Birns14Jl 
mapping (see text for details). It is referred to in the 
rest of this thesis as the 1.2 kb BamHI fragment. 
Recombinant constructions are described in detail in 
Appendix A. 
XAE 




The map of pBR325 as reported by Bolivar 
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shown by 2 minute loci, and is usually described in relation 
to a vector marker such as TCr  or 	The TCr  gene 
in pBR325 crosses the BamHI site in only one 
direction, therefore it could not be responsible for ddl 
expression in both orientations. These complementation 
results suggest that ddl does in fact carry its own promoter 
on the 1.2 kb BamHI fragment, as opposed to being entirely 
dependent on a promoter upstream from murC. This putative 
promoter likely would be located on the 210 bp BamHI-EcoRI 
fragment, assuming no overlapping coding sequences, because 
the 30,000 MW polypeptide tentatively assigned to ddl would 
require approximately 820 bp of coding sequence. Recall 
that murC must extend at least 545 bp to the right of the 
Hindlil site, placing the murC terminus on the same 
BamHI-EcoRI segment as P ddl  (illustrated in Figure 4.5), 
The ddl 3 1 -terminus could extend over the EcoRI site onto 
the 104 bp EcoRI-BamHI segment (at the right of the 1.2 kb 
BamHI fragment), but it would have to lie close to the ftsQ 
which also maps to this segment. 
A Hindlil subcloning from AAE into pBR325 was also 
attempted numerous times, but no recombinants were re-
covered. Note that the 3.5 kb Hindill fragment carries 
envA. This fragment would not then be stable in a high copy 
number vector (Sullivan and Donachie, 1984b). Reasons why 
the 3.2 kb Hindlil fragment also might not be stable are 
discussed in Chapter 7. 
4.2 Smith and Birnstiel mapping of the 1.18 kb BamHI 
fragment 
In an effort to generate a series of deletion deriva-
tives from recombinants containing the 1.2 kb BarnHI frag-
ment, I constructed a detailed restriction map of the region 
using the method of Smith and Birnstiel (1976). pDK20 
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Figure 4.3 
Master agarose gel for Smith and BirnsteiJ1 mapping 
Lanes: 
pBR322 Alul size standards: 910, 722, 655, 
521, 403, 281, 257, 226, 100, 90, 63, 57, 49, 46, 19, 
15, and 11 bp 
lambda c1857 Hindill size standards: 23.15, 
9.42, 6.56, 4.38, 2.32, 2.02, 0.56, and 0.125 kb 
BamHI 	 J: TaqI 
EcoRI K: XhoI 
Sail 	 L: PstI 
MspI M: Aval 
Alul 	 N: lambda c1857 Hindlil 
lambda c1857 HindlIl 	 0: pBR322 Alul 
The end-labeled 3.2 kb HindIII-PvuII fragment of pDK20 is 
present in each lane. The 1.5 and 0.35 kb bands mark the 1.2 
kb BamHI fragment boundaries within the original end-labeled 
fragment. All bands failing between these markers originate 
from restriction sites on the 1.2 kb BamEl fragment. All 
other bands originate from sites within the pBR325 vector. 
The pBR325 fragments calculated from band mobilities 
correspond closely to restriction site predictions from the 
pBR325 sequence. Restriction sites mapping to the right end 
of the insert (see Figure 4.4) correspond closely with 
preliminary sequence data for this region (A.C. Robinson, 
personal communication). The Sau3A lane shows primarily the 
350 bp band, although good partial digests were seen on a 
previous gel (without size standards). The reason why the 
Sau3A digest apparently continued in stop buffer at -20°C is 
not known. See text for details of the end-labeling 
procedure. 
Enzymes that do not cut: BglII, Hindlil, KpnI, PvuII, Smal 
ABC D E F G 	I J K LMNO 
bad 	 age 
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carries useful restriction sites for the end-labeling and 
fragment isolation procedures. 
A fragment of pDK20 DNA carrying the BamHI insert was 
labeled at a single end as follows: pDK20 DNA was digested 
to completion with Hindill and then labeled at both ends by 
32 treatment with CIP andAkinase plus [ 	P]-ATP.  The 
linearized plasmid was digested to completion with PvuII to 
yield fragments of 1350, 2610, and 3220 bp. The latter 
fragment carried the BamHI insert, and bore the single 
Hindill-terminal label. Fragments were separated on an 
agarose gel, and the desired band was cut out. The purified 
fragment was then used in the restriction mapping experi-
ment. 
A series of partial digests of the purified end 
labeled fragment were generated using the appropriate 
restriction endonucleases, and these fragments were run out 
on both agarose and,acry1amide gels. An autoradiogram of an 
agarose gel is shown in figure 4.3. Band mobilities were 
analyzed by the modified linear regression method of 
Southern (1979) and the results used to generate the 
restriction map shown in figure 4.4. This map complements 
the detailed restriction maps of the 2.2 kb BamHI-EcoRI 
segment, constructed by A. Robinson (Robinson et al., 1984), 
and the 2.5 kb EcoRI fragment, constructed by N. Sullivan 
(Sullivan and Donachie, 1984b). 
4.3 Subcloning the 1.2 kb BamHI fragment into pK04 and 
construction of deletion derivatives 
pK04 is a derivative of pKOl constructed by cloning a 
10 bp BamHI linker into the Smal site of pKOl (see Figure 
5.1). The 1.2 kb BamHI fragment was subcloned into pK04 as 
described in Appendix A.2. Recombinants were recovered with 
the insert in the same orientation as qalK (pDK30) as well 
Wl 
Figure 4.4 
A detailed restriction map of the 1.2 kb BamHI fragment 
The top scale corresponds to the 1.2 kb BamHI fragment, 
shown directly below. 
The bottom scale corresponds to the regional restriction 
map, and the BamHI fragment is shown in relation to this 
map. 
Only relevant restriction sites are indicated: 
A=AvaI 	 A1=AluI 
B=BamHI Bg=BglII 
E=EcoRI 	 H=HindIII 
K=KpnI M=MspI 
P=PstI 	 Pv=PvuII (mistakenly indicated as Pr 
S=SalI T=TaqI 	 in this figure) 
X=XhoI 
See the text for more details. 
100 bp 
I 	I 	I 	I 	I 	I 
TAX At 
M AL 	EM ST 	PIM 14 	14 	MM 	 MAtE 	B 
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FIGURE 4.4 
as in the opposite orientation (pDK31). Both recombinants 
complemented ddl, as predicted (see figure 4.5). 
Figure 4.4 shows that a SalI and an XhoI site lie 
approximately 120 bp apart on the BamHI fragment. These 
restriction sites generate complementary sticky ends, and a 
SalI-XhoI deletion-religation generates a new TaqI site. 
Because these sites lie toward the proposed 5' end of the 
ddl coding sequence, deletion of the 120 bp fragment should 
destroy ddl complementation. Figure 4.5 shows that pDK32, 
the SalI-XhoI deletion derivative (see Appendix A.3), does 
not in fact complement ddl. 
Another series of derivatives was constructed by 
partial and complete EcoRI digestion of pDK30 (see Appendix 
A.3). pDK30 carries two EcoRI sites on the insert and a 
third on the vector 315 bp upstream of the vector BamHI 
insertion site, so that an EcoRI digest yields fragments of 
520 and 840 bp. Deletion of the 520 bp fragment gave pDK34; 
the 840 bp fragment, pDK35; and both fragments, pDK33 (see 
Figure A.2). None of these plasmids complement ddl, as 
predicted. 
4.4 Subcloning pDK5 and pDK7 EcoRI fragments into pKOl 
The EcoRI fragments carried by pDK5 and pDK7 (see 
Section 4.1) were also subcloned into pKOl (see Appendix 
A.2). The 840 bp EcoRI fragment was recovered in both 
orientations, designated pDK10 and pDK11 for inserts in the 
same direction as 9JK, and in the opposite direction, 
respectively. The 520 bp fragment was also recovered in 
both orientations, designated pDK50 and pDK51 for inserts in 
the same and in the opposite directions as galK, respective-
ly. None of these recombinants complemented ddl, as expect-
ed from the limits of ddl predicted in Figure 4.5. The 
remote possibility that the entire coding sequence for ddl 
is carried on the 840 bp EcoRI fragment, with pDK5 failing 
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Figure 4.5 
Organization of gene expression between murC and ftsZ 
The genetic and physical map of a portion of the 
2-minute region is shown at the top. The scale bar is in 
units of kb. Only the major restriction sites are shown 
(symbols are as presented in Figure 4.4). Recombinant clones 
and deletion derivatives are shown below, with bars 
indicating the chromosomal sequences present. PGH300 carries 
the same 2.3 kb EcoRI fragment as pDK302, but in the 
opposite orientation. pDK40 carries the 2.3 kb EcoRI 
fragment rearranged as a 2.3 kb BamHI insert. Complementation 
results are indicated below the genetic symbols as (+) 
(colony growth without filamentation at 42°C) or (-) 
(filamentation or no growth at 42 0C). See text for 
discussion of these complementation results. The map at the 
bottom indicates the genetic boundaries relative to 
restriction sites for each locus. Solid lines indicate 
sequences strongly implicated as coding for the gene product 
shown. Dashed lines indicate sequences for which the genetic 
limits are less well defined, such as those calculated from 
gene product measurements. See text for details. 
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to complement due to lack of a promoter, can now be rejected 
as pDK10 carries the same EcoRI insert in the path of 
transcription from a vector promoter, P 4 (R. Hayward, 
personal communication; Sullivan and Donachie, 1984a; Morita 
and Oka, 1979), and still fails to complement ddl. 
4.5 Subcloning the 2.3 kb EcoRI fragment into pKOl and 
construction of deletion derivatives 
G. Hatfull has subcloned the 2.3 kb EcoRI fragment 
from pGH4 (Robinson et al., 1984) into pKOl (see Appendix 
A.4; G. Hatfull, PhD thesis). He recovered the insert in 
the same orientation as 	designated pGH301, and in the 
opposite orientation, designated pGH300. Unfortunately, 
pGH301 carries a double copy of the pKOl vector. Because 
this arrangement could give unpredictable effects on copy 
number and jK expression in the operon fusion experiments 
(see Chapter 5), I deleted the extra copy of the vector in 
pGH301 (described in Appendix A.4). The single vector 
version was designated pDK302. Like pGH301, pDK302 comple-
ments both ftsQ and ftsA. pGH300, however, only comple-
ments ftsA (see figure 4.5). The simplest explanation for 
these results is that P 
ftsQ  is not carried on the 2.3 kb 
EcoRI fragment. pDK302 complements ftsQ because the vector 
promoter P4 transcribes across the EcoRI site towards 
while pGH300 does not complement ftsQ because no 
transcription crosses the EcoRI site from the other direc-
tion. We must therefore predict that P 
ftsQ  lies to the 
left of the EcoRI site. Results further confirming this 
prediction are discussed in Chapter 5. 
The deletion derivatives constructed from pGH301 by G. 
Hatfull (Robinson et al., 1984; G. Hatfull, PhD thesis) 
needed to be reconstructed also. KpnI, PvuII, BamHI-BglII, 
and Hindlil deletions were all constructed using the res-
triction sites shown in Figure 4.4 and the vector Hindill 
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site located 290 bp downstream from the vector EcoRI 
insertion site (see Figure 5.1), These constructions are 
described in Appendix A.5 and illustrated in Figure 4.5. 
pDK335 complements ftsQ (see figure 4.5), therefore 
the 3 1 -terminus must lie to the left of the first PvuII 
site. pDK340 complements ftsQ while pDK310, pDK320, and 
pDK345 fail to complement, as predicted by this boundary 
assignment. The 5'-boundary of ftsQ is discussed below. 
pDK320 fails to complement ftsA, therefore the 
5'-boundary of ftsA must extend over the right KpnI site. 
The conclusion that ftsA is cut by Hindlil is supported by 
the fact that pDK340 does not complement ftsA. If the 
5'-terminus of ftsA is close to the KpnI site, as it must be 
from ftsQ coding capacity requirements (see Chapter 6), then 
an FtsA product of 50,000 MW, requiring approximately 1,360 
bp of coding sequence, would place the 3 1 -terminus of ftsA 
approximately 450 bp beyond the Hindlil site. Results 
presented in Chapter 6 indicate that this is probably a 
slight overestimate for the size of ftsA; in any case ftsA 
must extend nearly to the right end of the 2.3EcoRI frag-
ment. The complementation results of pDK310, pDK335, and 
pDK345 are consistent with this assignment of ftsA 
boundaries. 
The rightward EcoRI site cuts ftsZ sequences. 	If we 
assume that ftsA and ftsZ coding sequences do not overlap, 
then very little of the 5 1 -terminus of ftsZ should extend 
onto the 2.3EcoRI segment. 
4.6 Subcloning the 2.3 kb EcoRI fragment as a BamHI 
fragment into pK04 and construction of deletion 
derivatives 
The only indication presented thus far that ftsA has 
its own promoter comes from the fact that pGH300 complements 
ftsA but not ftsQ. More direct evidence that ftsA 
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expression is not dependent on ftsQ sequences is provided by 
another series of constructions (see below) in which ftsQ 
has been destroyed by moving its 5 1 -terminus on the 104 bp 
EcoRI-BamHI fragment to the other end of the 2.3 kb frag -
ment. The primary reason, however, for constructing the 
rearranged fragment is that the most convenient insertion 
site in the available terminator assay vectors is a BainHI 
site (see pHR9, figure 5,4; Section 5.5). 
The 2.3 kb EcoRI fragment was isolated from pDK302 as 
described in Appendix A.6. The purified fragment was 
circularized by self-ligation and then digested with BainHi 
to generate a rearranged fragment with BamHI ends (shown as 
pDK40, see figure 4.5). This fragment was cloned into pK04 
and recovered in both orientations, designated pDK40 with 
the insert in the same direction as iK, and pDK41 in the 
opposite direction. 
Neither pDK40 or pDK41 complement ftsQ (see Figure 
4.5), consistent with the 5 1 -terminus of ftsQ mapping to the 
left of the BamHI site. This places the leftward end of ftsQ 
on the 104 bp EcoRI-BamHI segment, as shown in Figure 4.5. 
pDK40 and pDK41 both complement ftsA, in spite of the 
fact that the 5'-terminus of ftsQ has been removed. This is 
further evidence that ftsA must have an independent pro-
moter. A similar result is given by pNS28, an analogous 
recombinant constructed by N. Sullivan (Robinson et al., 
1984), in which the 104 bp EcoRI-BamHI fragment has been 
deleted. 
One curious phenotype displayed by ftsA strains 
carrying pDK40 or pNS28 is that, even though they divide 
normally, confirming that ftsA is complemented, the cells 
grow as ovoids rather than rods. This result is discussed 
further in Chapter 7. 
A series of deletion derivatives were constructed from 
pDK40 similar to those made in pDK302 (see Appendix A.7). 
Although these constructions were valuable in the operon 
fusion experiments, results from their complementations only 
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confirmed the conclusions already made in this chapter and 
added no new information. These results are shown in Figure 
5.3. 
Conclusions for the results presented thus far are 
summarized in Figure 4.5. In every case they were consis-
tent with earlier hypotheses presented in Chapter 2, with 
the exception that ddl appears to have an independent 
promoter. More direct evidence supporting these conclusions 
is presented in the next chapter. 
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Chapter 5 Identification and characterization of 
transcriptional control signals between murC and ftsZ 
5.1 Rationale 
Operon fusions have proven to be an immensely valuable 
tool for investigating gene expression. Preliminary appli-
cations for our system include demonstration of promoter 
activity in the regions predicted by complementation re-
sults, quantitation of promoter activity, confirmation of 
orientation of transcription and identification of termina-
tors that could limit polycistronic transcription. One 
convenient operon fusion system is the pKO series of vectors 
constructed by McKenney et al. (1981), which is described 
next. 
5.2 The pKO system 
The general strategy of the pKO system is to place 
putative transcriptional regulatory sequences upstream of 
the jK gene such that jK transcription is dependent on 
these sequences. Galactokinase activity, as measured from 
cell extracts, is then taken as an index of transcriptional 
activity. Simple qualitative analysis of transcriptional 
control sequences is possible by transforming recombinant 
pKO derivatives into a galK strain and plating on 
MacConkeygalactose-ampicillin media. Clones expressing jK 
become red on this media and clones that cannot express CalK 
remain white. This is the basis behind selection in 
promoter and terminator constructions. 
Figure 5.1 shows the parent vector of the pKO system, 
pKOl. This vector carries four major domains: the galK 
coding sequence and its 168 bp leader; pBR322 sequence 
carrying oriV and the beta-lactamase gene; lambda sequence 
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Figure 5.1 
pKOl (adapted from McKenney et al., 1981) 
Arrows represent the Ap and jK markers and show their 
directions of transcription. The rectangle between the 
EcoRI and Hindill sites carries the lambda terminator t o . 
pK04 is a pKOl derivative constructed by inserting a 10 bp 
BamHI linker into the Smal site. X1, X 28' and X3 
represent the translational stop codons in each of the 
reading frames. The 5 1 -terminus of jK is indicated by 
AUG. An exogenous promoter, P 4 is associated with oriV, 
and transcribes in a clockwise sense (see text for details). 
Only relevant restriction sites are indicated, and the 
symbols are given in the legend to Figure 4,3, 
1 0 bp Sam HI 
linker used In 
construction 
>4.t0 	of pK04 
APr 
	 X I  x3 
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bearing the 0 gene terminator, )t 0 ; and an engineered 
sequence from the j-operon carrying translational stop 
codons in all three reading frames and a Smal cloning site 
(McKenney et al., 1981). The stop codons are necessary to 
uncouple translation, originating from translational start 
sequences within the insert, from transcription directed by 
that insert. This is important because upstream tran-
slational control sequences can have significant and unpre-
dictable effects on translational efficiency of downstream 
sequences (de Boer, 1984; Kastelein et al., 1983). 	K has 
its own translational start site, and the 168 bp leader 
sequence assures a relatively constant polarity effect on 
galK transcription and translation (McKenney et al., 1981). 
The At  sequence was included because transcription 
from the P4 vector promoter appears to cross the EcoRI 
site towards 	K (R. Hayward, personal communication; 
Close and Rodriguez, 1982). 	At0 does not block jK 
expression by P 4 completely, although it does prevent pKOl 
from complementing 9alK. A pKOl derivative with a At 0 
deletion increases galactokinase activity approximately 40%, 
which allows jK complementation (Sullivan and Donachie, 
1984a). A strong terminator cloned into the EcoRI site does 
eliminate jK expression (see Table 5.1 and 5.3, clones 
with inserts opposed to 	Therefore pKOl carries no 
promoters to the right of the EcoRI site. 
One practical consequence of P 4 and At0 in pKOl 
is that promoters inserted at the EcoRI site will have to 
read through ?\t0 , and constructions that delete 
will have about 40% more P 4 activity contributing to galK 
expression. These factors must be considered in interpret-
ing galK fusion results. 
There are several limitations of the pKO system that 
also must be identified. Foremost for our purposes is that 
it is a multicopy system. This implies that, in comparing 
different constructions, copy number equivalence must be 
established. Copy number determinations are difficult in 
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practice, although the commonly used beta-lactamase assay 
gives a rough estimate. Beta-lactamase assays have been 
done on several pKO constructions (N. Sullivan and D. 
Kenan, unpublished results), and they were equivalent within 
the limits of the assay. We make the guarded conclusion 
that most, if not all, of our pKO constructions are main-
tained at equivalent copy numbers, although galactokinase 
assays in a single copy system would be necessary for 
accurate quantitative measurements of promoter activity. 
Single copy constructions can be obtained by crossing 9alK 
fusions into an appropriate phage vector, but this was not 
felt necessary in our preliminary efforts to identify 
promoters and classify them as "weak", "moderate", or 
"strong". 
Another drawback to a high copy system is that it is 
likely to titrate out effector molecules expressed at 
constituitively low levels. Although this may help us to 
identify promoters that would otherwise be repressed in low 
copy numbers, identification of promoters requiring activa-
tors and characterization of regulatory circuits would need 
to be done in a single copy system. 
A final drawback to the pKO system is that the jK 
assay, in our hands, proved to be somewhat inconsistent. 
However, even though the same plasmid often gave quite 
different galactokinase activities from assay to assay, the 
relative activities between plasmids in the same assay 
remained constant within limits of roughly 10%. Simple 
statistical methods described in Chapter 3 allow separate 
assays of the same group of plasmids to be averaged without 
obscuring relationships between plasmids. 
5.3 Promoter activity between murC and ftsQ 
The construction of pDK10 and pDK50 (pKOl clonings) 
and pDK30 and its derivatives (pK04 clonings) is described 
Figure 5.2 
pDK30 and related recombinants: complementation results and 
galactokinase activity 
The top line represents a scale of 1000 bp. Immediately 
below is the regional map showing the most important 
restriction sites. Symbols are explained in the legend to 
Figure 4.3. Rectangles represent the chromosomal inserts 
for each construction. Arrows to either side show the 
location of the lambda terminator domain of pKOl, if 
present, in relation to the insert. The direction given by 
these arrows represents the orientation of both the 
chromosomal insert and the jK marker downstream. 
Constructions with inserts oriented away from jK are not 
shown, but pDK31, pDK51, and pDK11 all gave the same ddl 
complementation results as their counterparts (pDK30, pDK50, 
and pDK10) and none produced galactokinase activity. 	ddl 
complementation was determined by colony formation at 42°C. 
aJK complementation was identified by red colony phenotype 
on MacConkey-galactose agar. Galactokinase activity is 
expressed relative to pDK30 from the data shown in Table 
5.1. The SalI-XhoI fragment is deleted in pDK32. 
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in Appendix A.2 and A.3, and complementation results are 
discussed in Sections 4.3 and 4.4. Here we describe the 
transcriptional activity directed by these inserts. 
The galK complementation results in Figure 5.2 show 
that all the inserts carry promoter activity except the 104 
bp EcoRI-BamHI fragment carried by pDK33. The 5 1 -terminus 
of ftsQ lies on this fragment, further confirming that 
ftsQ lies to the left of the EcoRI site. pDK10, which 
lacks the 5 1 -terminus of ddl, and therefore carries no 
upstream promoters, expresses 100% of the activity of pDK30. 
The most likely location for this activity is to the right 
of the ddl 3'-terminus, which, by gene boundary estimates 
(see Figure 4.5) places P ftsQ  very close to the EcoRI 
site. The slightly lower galactokinase levels of pDK34 are 
within the limits of error, but may also reflect an influ-
ence from the translational start site for P 
ftsQ  on the 
104 bp BamHI fragment. Remember that PftsQ  in pDK10 reads 
through At0 , so that its activity should be corrected to 
about 140 relative units. The fact that promoter activities 
in the pKO system do not add up may reflect either errors in 
measurement or genuine effects of inserted sequences, but 
the discrepancies are not significant for our purposes. By 
comparison with P gal'  a moderately strong E. coli 
promoter (McKenney et al., 1981; Rosenberg et al., 1982), 
ftsQ is a relatively weak promoter with approximately 20% 
of P gal  activity (see Table 5,3). 
Although PftsQ can account for all of the measured 
promoter activity carried by pDK30, another promoter seems 
to lie at the left end of the 1.2 kb BamilI segment. pDK50 
carries 57% of the activity of pDK30. Comparison with 
pDK35, having equivalent activity shows that a promoter is 
located on the 210 bp BamHI-EcoRI segment. This corresponds 
well to a prediction for P ddl  based on the fact that the 
murC 3 1 -terminus and ddl 5'-terminus are both located on the 
same segment (see Figure 4.5). 
Table 5.1 
pDK30 and related constructions: galactokinase assays 
fusion galactokinase activity* 
pK04 15 	± 3 
pDK30 73 	± 11 
pDK31 0 
pDK32 72 ± 	8 
pDK50 42 ± 	2 
pDK51 0 
pDK35 37 ± 	6 
pDK34 68 ± 	4 
pDK10 73 ± 	8 
pDK11 0 
pDK33 17 ± 	3 
* 
galactokinase units were originally expressed as 
nanomoles of galactose phosphorylated per minute per 0D 650 
Each plasmid-bearing strain was assayed a minimum of four 
times, and the results were normalized using the statistical 
method described in Chapter 3. Therefore these values have 
relative significance only, and should not be compared to 
other galactokinase data. 	ce 7 0 	r 	CQLtbL 
t-91 
pDK32 carries a deletion that destroys ddl complemen-
tation but should not affect the promoters at either end of 
the insert. Figure 5.2 shows that pDK32 carries the same 
promoter activity as pDK30, consistent with this prediction. 
These results confirm that both P 	and P ddl 	ftsQ 
transcribe in a clockwise sense relative to the E. coli 
genetic map. Both of the EcoRI fragments and the BamHI 
fragment were cloned in the opposite orientation as well 
(pDK51, pDK11, and pDK31; see Table 5.1) and these con-
structions uniformly gave no galK expression. Whether the 
block to P4 readthrough in these inserts is due to 
opposing transcription (Ward and Murray, 1979) or 
transcriptional terminators in the non-coding strand is not 
known (see Section 5.5 for further discussion). 
5.4 Promoter activity between ftsQ and ftsZ 
Construction of pDK302 (pKOl cloning), pDK40 (pK04 
cloning) and their derivatives is described in Appendix A.4, 
A.5, A.6, and A.7 and some complementation results are given 
in Sections 4.5 and 4.6. 
jK complementation results in Figure 5.3 show that 
all inserts carry promoter activity except the BamHI-BglII 
fragment of pDK315. The pDK33 EcoRI-BamHI insert also shows 
no promoter activity (discussed above), and a related 
construction, pNS37, carrying these two segments intact from 
the EcoRI site to the first PvuII site, again shows no 
promoter activity (Robinson et al., 1984). The pNS37 insert 
does, however, complement ftsQ, presumably due to tran-
scription from the vector promoter P 4 (see above). This 
result confirms that P ftsQ  lies entirely to the left of 
the EcoRI site, but it also fails to demonstrate P ftsA' 
which was mapped to this segment by genetic methods. 
Possible explanations are that ftsA expression requires a 
weakly expressed activator, which is titrated by the high 
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Figure 5.3 
pDK302 and related recombinants: complementation results 
and galactokinase activity 
The top line represents a scale of 1000 bp. Immediately 
below is the regional map showing relevant restriction 
sites. Symbols are explained in the legend to Figure 4.3. 
Rectangles represent the chromosomal inserts for each 
construction. Arrows to either side show the location of 
the lambda terminator domain in pKOl, if present, in 
relation to the insert. The direction given by these arrows 
shows the orientation of the jK gene downstream. Note 
that all inserts are oriented in this same direction except 
for that of pGH300. pDK302 and pGH300 carry the same insert 
in opposite orientations as indicated by the central arrows 
over their insert rectangles. pDK41, which is not shown, 
carries the insert of pDK40 oriented away from galK, gives 
complementation results identical to those of pDK40 and 
produces no galactokinase activity. ftsQ and ftsA 
complementation was determined by colony formation without 
filamentation at 42°C. galK complementation was tested as 
described in the legend to Figure 5.2. Galactokinase 
activity is expressed relative to pDK302 and pDK40 from the 
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copy number; or that ftsA is transcribed only at very low 
levels, perhaps periodically, insufficient to complement 
glK. One of the failures of our use of the pKO system has 
been its inability to demonstrate 
The results discussed above indicate that all promoter 
activity measured in the 2.3 kb EcoRI fragment originates to 
the right of the second PvuII site (see figure 5.3). The 
possibility still remains that sequences to the left of this 
PvuII site will affect transcription from rightward promot-
ers. This was shown not to be the case by comparing pDI5 
with pDK320, pDK335, and pDK302, and similarly comparing 
pDK45 with pDK43, pDK42, and pDK40: all have essentially 
equivalent galactokinase activities. We can conclude that 
all promoter activity measured from pDK302 and similar 
constructions is directly related to ftsZ transcription. 
The fact that pDK345 and pDK44 both display promoter 
activity indicates that ftsZ has at least two functional 
promoters, designated P 2 and P 1 in Figure 4.5, and that 
the ftsZ "enhancer" postulated by Lutkenhaus and Wu (1980) 
is actually the promoter, P 2 . Direct analysis of P 2 
activity and indirect analysis of P 1 (compare pDK345 with 
pDK310, after subtracting the pKO1 activity from each, see 
Figure 5.3) indicate that P 2 has only about 25% of the 
activity of P 1 . Indirect analysis of P2 and direct 
analysis of P 1 (compare pDK44 with pDK45, as above) 
indicate that P 2 has about 30% of the activity of P 1 . 
These results suggest that P 1 is the most efficient 
promoter for expression of ftsZ, although results discussed 
in Chapter 2 show that ftsZ expression normally relies on 
P2 as well. Independent results obtained by N. Sullivan 
with different clones measuring P 1 and P2 directly 
showed that they had roughly equal activities (Sullivan and 
Donachie, 1984a), therefore it is probably best to conclude 
nothing more than that P 1 and P2 have somewhat similar, 
relatively weak promoter activities in a multicopy system. 
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Table 5.2 





pKO]. 45± 8 
pDK302 200 ± 30 
pGH300 0 
pDK320 190 ± 20 
pDK335 200 ± 20 
pDK310 190 ± 20 
pDK340 120 ± 20 
pDK345 74 ± 7 
pK04 24 ± 20 
pDK40 340 ± 40 
pDK41 0 
pDK42 300 ± 20 
pDK43 350 ± 40 
pDK315 16 ± 20 
pDK44 250 ± 30 
pDK45 310 ± 70 
* 
Galactokinase units are as described in Table 5.1. Note 
that pDK302-group and pDK40-group data have been normalized 
within their respective groups and hence cannot be compared 
to each other or to any other sets of galactokinase data. 
Each group was assayed a minimum of five times, and the data 
was analyzed as described in Table 5.1. 
The fact that the constructions discussed above place 
P2 to the left of the Hindlil site firmly locateS this ftsZ 
promoter within ftsA coding sequence. The significance of 
this conclusion will be discussed in Chapter 8. 
5.5 Terminator activity between murC and ftsZ 
The pKO system can also be used to study terminators 
by cloning potential terminator sequences between P gal  and 
galK and measuring the amount of P gal  readthrough that 
persists. A pKOl derivative, designated pKG1800 (McKenney 
et al., 1981) was constructed by replacing the 190 bp 
EcoRl-Hindill fragment in pKOl with a 1085 bp EcoRl-Hindill 
fragment from the gal operon carrying1. Note that 
gal actually consists of three promoter regions, two 
operator regions, and two different transcriptional start 
sites, (Irani et al., 1983), and that gal repressor is 
titrated by the multiple copies of P gal*  Therefore, 
transcription from P gal  is constituitive in pKG1800 
transformants (McKenney et al., 1981). The vector used in 
our experiments, pHR9 (see Figure 5.4), was derived from 
pKG1800 by cloning a 10 bp BamHI linker into the Smal site 
(Newman et al., 1982). 
Limitations of the pHR9 system include those discussed 
in Section 5.2 for pKOl, plus another problem. The P gal 
fragment carries the jE translational start, meaning that 
BamHI inserts will be translated as they are transcribed. 
Because there is a two-thirds chance that translation 
originating from galE will be out of phase with respect to 
the correct reading frame for an inserted gene, it is 
possible that ribosomes could continue past the normal 
translational stop into terminator sequences and alter the 
termination event. Therefore, the presence of the galE 
translational start means that some functional terminators 
could be inhibited. Terminator assays cannot then be 
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Figure 5.4 
pHR9 (adapted from McKenney et al., 1981) 
Arrows represent the Ap and 9iK  markers and show their 
directions of transcription. The rectangle between the 
EcoRI and Hindlil site carries chromosomal sequences from 
the gal promoter and operator regions. The 5 1 -terminus of 
galE and its translational start are indicated by AUG 
(galE). X 1 , X2 , and X3 represent the translational 
stop codons in each of the reading frames. The 
of jK is indicated by AUG (galK). Only relevant 
restriction sites are indicated, and the symbols correspond 




LAUG (gal E) 
AUG (gal K) 
FIGURE 5.4 
interpreted with confidence unless translation from 	E can 
be prevented from crossing the terminator, or preferably, 
any part of the insert. 
McKenney (personal communication) has suggested one 
way to stop 9E translation from proceeding into the 
insert. His sequence of the P 
gal  region shows that 
filling-in the Hindill sticky ends and religating will 
introduce a stop codon (TAG) into the 12,1E reading frame. 
However, there are two reasons to suspect that McKenney's 
sequence contains errors, meaning that the altered Hindill 
site may not in fact put a stop codon in the galE reading 
frame. First, preliminary sequencing results of the 
BamHI segment (by J. Wright) has identified one missense 
and three deletion errors in the McKenney sequence (R. 
Hayward, personal communication). While these results are 
still preliminary and only include the distal 40% of this 
sequence, they do suggest that the jE translational phase 
across the BamHI site is uncertain. Second, pDK114, a 
construction missing the 5 1 -terminus of ftsQ (described 
below) is able to complement ftsQ, suggesting strongly that 
a fortuitous 	E-ftsQ fusion enables transcription of ftsQ 
from Pga1  and translation from galE. The ftsQ 
translational phase across the BamHI site is known (Robinson 
et al., 1984), which would put the correct 	E 
translational phase as (+1 bp) from that predicted by the 
McKenney sequence. 
galE translation, then, remains a problem in inter-
preting pHR9 results, and it probably cannot be eliminated 
by filling in the Hindill site. However, translation in 
non-coding reading frames would not likely proceed far 
before encountering a stop codon, and larger pHR9 inserts 
such as those used in my experiments would be unlikely to 
allow galE translation to reach a downstream terminator 
site. This has been confirmed by sequence data for the 2.3 
kb EcoRI fragment (see Chapter 8; Robinson et al., 1984). 
In fact, translation out of phase with ftsQ would be 
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Figure 5.5 
pHR9 constructions: galactokinase activity 
The top line represents a scale of 1000 bp. Immediately 
below is the regional map showing the most important 
restriction sites. Symbols are explained in the legend to 
Figure 4.3. Rectangles represent the chromosomal inserts 
for each construction. The arrows to the left of the 
rectangles represent the gal promoter and its direction of 
transcription. This is also the direction of transcription 
for most of the inserts and for the galK marker downstream. 
Those inserts oriented away from IK are indicated by 
leftward arrows above the insert rectangles. pDK113, which 
is not shown, carries the same insert as pDK112 but oriented 
away from galK. This construction produces no galactokinase 
activity. Galactokinase activity is expressed relative to 
pHR9 from the data shown in Table 5.3, Percent readthrough 
is calculated as described in the text, and refersto the 
component of galactokinase activity produced by P gal 
transcripts passing through the insert. Complementation 




























pDKIOO Pgol  
pDK3O 	I 	 I 
PgaI 	 - 	 B pDKIIO 
C 
PDKIII 	 am Ii 	 I 
pDKII4  I 
pDKII5  I 
p01(112  
pDK3I5  














pHR9 constructions: galactokinase assays 
* 
fusion 	 galactokinase activity 
pHR9 500 ± 120 
pDK100 	 490 ± 40 
pDK1O1 0 
pDK30 	 113 ± 40 
pHR9 820 ± 	40 
pDK11O ND 
pDK111 0 
pDK112 540 ± 	70 
pDK113 0 
pDK45 300 ± 	40 




Galactokinase activity was analyzed as described in 
Table 5.1. The pDK100 and pDK110 groups were not assayed 
together, therefore their normalized values should not be 
directly compared. pDK110 transformants grew poorly in 
minimal media and thus were not assayed. All assays were 
repeated at least three times with the exception of pDK315, 
for which only one assay was performed. This clone, 
however, consistently gives a weak galactokinase activity 
equivalent to that of pK04, and the pK04 assays that were 
done with the pDK110 group confirm that the value given for 
pDK315 is likely to be accurate (data not shown). 
predicted to stop 15 bp past the BamHI site in pDK114 for 
the ftsQ(+1) phase and 112 bp past the BamHI site for the 
ftsQ(+2) phase. Similarly in pDK112, translation out of 
phase with ftsA would be predicted to stop at 87 bp past the 
BglII site in the ftsA(+1) phase and 31 bp past the BglII 
site in the ftsA(+2) phase. Sequence data is not yet 
available for the ddl reading frame, but the ftsQ-ftsA 
results suggest that translation from galE out of phase with 
ddl would not reach the end of the 1.2 kb insert in pDK100. 
We can conclude that gjE translation probably does 
not affect termination efficiency in my pHR9 constructions, 
but other effects such as differential rates of transcript 
degradation (Kastelein et al., 1983) among the various 
constructions cannot be predicted. One effective solution 
would be to delete or mutagenize the 	E start site, 
although one would have to take care to avoid disrupting the 
nearby gal-promoter sequences. 
Construction of pDK100, pDK101, pDK110, pDK111, 
pDK112, pDK113, pDK114, and pDK115 is described in Appendix 
A.8 and A.9. Figure 5.5 and Table 5.3 show galactokinase 
assays and Table 5.4 shows complementation results. 
It is striking that all pHR9 constructions with the 
inserts in the opposite direction relative to jK give no 
galK expression. These clones are pDK101, pDK111, pDK113, 
and pDK115, each corresponding to the same inserts carried 
by their next-lowest number counterparts in Figure 5.5. 
Although this effect was seen in opposition to P 4 (pKOl 
and p1<04 constructions), P gal  is approximately 100 times 
stronger (personal observation). Even pDK115, carrying the 
undemonstrated 1'ftsA'  prevents  1'gal  readthrough, 
suggesting that the mechanism involves more than opposing 
transcription. Because all genes in this region seem to be 
transcribed in the same direction, a mechanism to block RNA 
polymerase from binding to or transcribing the non-coding 
strand might be advantageous. The presence of terminators 
in the non-coding strand could account for this behavior, 
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Table 5.4 
Complementation of pDK100, pDK110, and their related 
* 
constructions 
clone ddl 	ftsQ 	ftsA 	qalK 
pHR9 - 	- 	- 	+ 
pDK100 + 	 + 
pDK1O1 + 	 - 
pDK3O + 	 + 
pDK110 ND 	ND 	+ 
pDK111 - 	+ 	- 
pDK40 - 	+ 	+ 
pDK112 - 	- 	+ 
pDK113 - 	- 	- 
pDK45 - 	- 	+ 




Complementation was scored as positive if the 
transformant was able to form colonies at 42°C, and, in the 
case of ftsQ and ftsA, without filamenting. 	jK 
complementation was described in Figure 5.2. 
and remains a strong possibility. The 2.3 kb EcoRI fragment 
sequence reveals many domains of dyad symmetry (Robinson et 
al., 1984; see Chapter 8), perhaps reflecting a complex 
arrangement of expression control signals and putative 
protein binding sites. 
If the fact that the pDK115 insert, carrying the 
undemonstrated P ftsA'  blocks P gal  is surprising, then it 
seems even more surprising that P ftsA  is able to express 
ftsA in opposition to P gal (see pDK111 complementation 
results, Table 5.4). This result is the strongest indirect 
evidence we have generated that P ftsA  exists. See 
Chapters 7 and 8 for further discussion of P ftsA 
Efficiency of termination for an inserted fragment is 
estimated by subtracting the promoter activity of that 
fragment (measured in pK04, for example) from the promoter 
activity given by a fusion with that fragment inserted 
between P gal  and jK (expressed in units relative to pHR9 
galactokinase activity). The result is termed "percent 
readthrough" in Figure 5.5. 
Non-terminator sequences can affect P gal  transcripts 
passing through the insert in ways that mimic termination, 
and these possibilities must be considered in interpreting 
pHR9 results. An RNA polymerase pause site, for example, 
could decrease the number of P gal  transcripts successfully 
completed. Similarly, almost any insert cloned between 
gal and qalK will give a slight polar effect on tran-
scription (between 10-20%, McKenney et al., 1981). Larger 
fragments will presumably give more significant polar 
effects. Finally, it must be remembered that transcription 
may be influenced by translational events (attenuation, for 
example), and isolation of a terminator from other sequences 
that regulate gene expression may not necessarily reflect 
behavior in vivo. All of these subtle complications could 
be investigated in detail with techniques of molecular 
genetics, but simple cloning of relatively large fragments 
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into pHR9 should be adequate to answer the question of 
whether strong terminators function between murC and ftsZ. 
pDK110 carries the rearranged 2.3 kb BamHI insert (see 
Figure 5.5). Cells carrying pDK110 grow poorly, and the 
plasmid is unstable (see Chapter 7). If ftsA expression is 
destroyed by subcloning the pDK110 insert as BamHI-BglII 
fragments (see Appendix A.8) then no deleterious effects are 
noted. This suggests that ftsA is responsible for the 
deleterious effect, and that overproduction of ftsA by 
gal transcription is harmful to the cell (see Chapter 7 
for further discussion). A practical consequence is that 
termination in the 2.3 BamHI fragment must be studied by 
inactivating ftsA, such as occurs with the pDK112 and pDK114 
constructions described below. 
pDK112 carries sequences that make up the ftsA 
3 1 -terminal to ftsZ 5 1 -terminal junction (see Figure 5.5). 
Comparison of pDK112 and pDK45 galactokinase activity shows 
that this insert allows approximately 30% readthrough from 
P gal*  While this result confirms that no strong termina-
tors lie between ftsA and ftsZ, it does not rule out the 
possibility that a less efficient terminator occupies this 
region. Taking 20% termination as a reasonable polarity 
effect for a fragment of this size (see above), 50% of the 
transcripts remain to be accounted for. In any case, we can 
conclude that ftsA and ftsZ may be expressed from the same 
transcript in at least some circumstances. Similarly, 
comparison of pDK114 and pDK315 galactokinase activities 
shows 50% readthrough. Using the same arguments as above, 
we can conclude that no strong terminators lie between ftsQ 
and ftsA, and that these genes may be expressed from the 
same transcript. 
pDK100 carries sequences between the murC 3 1 -terminus 
all the way to the ftsQ 5 1 -terminus, including the whole of 
ddl. Comparison with pDK30 shows that the 1.2 kb BamHI 
insert allows 76% readthrough from P gal'  suggesting that 
no strong terminators lie between murC and ftsQ. The 24% 
WR 
termination that is seen is entirely within the limits of 
"normal" polarity described by McKenney et al. (1981). By 
extension, we can make the guarded conclusion that no strong 
terminators are found between murC and ftsZ, and that all of 
these loci could be transcribed together. Note that termi-
nators lying on the leftward BamHI site, the BglII site, and 
the rightward EcoRI site would have been destroyed by these 
clonings, although these regions all lie within coding 
sequence and therefore are not likely to carry terminators. 
Possible roles for termination in control of gene expression 
in the murC-ftsZ cluster will be discussed in Chapter 8. 
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Chapter 6 Gene expression directed by the 1.2 kb BamHI and 
2.3 kb EcoRI fragments 
6.1 Rationale 
Lutkenhaus and Wu utilized an indirect method to 
assign gene products to the 2-minute loci carried by 
16-2. While their results were valuable in initiating a 
molecular genetics approach to this region, many of them 
have awaited confirmation by more direct methods. This 
chapter describes the use of a system for expression of 
genes directed by specific restriction fragments, thereby 
allowing direct correlation with their products. 
6.2 The pHUB2 system 
Figure 6.1 shows the pHtJB2 vector (Bernard et al., 
1979), carrying pBR322 sequences with the tetracycline-
resistance gene and several unique restriction sites; a 
pBR322-modified segment carrying the kanamycin-resistance 
marker; and a lambda segment carrying P L•  The vector must 
be maintained in a lambda lysogen, or a strain otherwise 
carrying the ci function, to prevent transcription from 
from blocking replication of the plasmid. If the lysogen is 
c1857, then transcription from P can be induced simply by 
raising the temperature. 
In our application of the pHtJB2 system, fragments 
bearing complete genes with intact translational start sites 
and ribosomal binding sites were cloned downstream from 
Recombinant vectors were transformed into a minicell-
producing strain, DS410, which carried c1857 expressed by a 
different plasmid, pRK248 (Bernard et al., 1979). Minicells 
which were harvested at 30°C were pulse-labeled with 
{ 35 S]-methionine at 42°C, and then total minicell protein 
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Figure 6.1 
pHUB2 (adapted from Bernard et al., 1979) 
The Kn and Tc markers are shown inside the vector diagram. 
Only relevant restriction sites are shown, and these 
correspond to the symbols used in Figure 4.3, except for 
Hp=HpaI. The leftward lambda promoter, P 
L'  is shown and 
its direction of transcription is represented by the arrow. 
Transcription from P interferes with replication, so that 
pHtJB2 must be maintained in a strain that expresses the CI 




was run out on a 7-20% polyacrylamide gradient gel. 
Autoradiograms revealed proteins expressed by pRK248 and 
pHUB2 derivatives. Gene products were assigned to cloned 
genes by comparison with gene products from a construction 
in which the same insert was oriented in opposition to 
and hence unable to express its products due to opposing 
transcription (Ward and Murray, 1979; see below). 
6.3 The Ddl, FtsQ, and FtsA proteins 
The constructions of pDK60 and pDK61, carrying the 1.2 
kb BamHI fragments in both orientations, and pDK70, carrying 
the 2.3 kb EcoRI fragment in the same orientation as 
are described in Appendix A.10. pDK70 is equivalent to 
pNS23, which was the recombinant used in these experiments. 
Unfortunately, the 2.3 kb EcoRI-pHUB2 recombinant in the 
orientation opposed to P was not isolated before the 
expression experiment, and an alternative method of destroy-
ing expression from that fragment was employed (see below). 
Figure 6.2 is an autoradiogram showing the polypeptide 
products of pDK60, pDK61, pRK248, pHUB2, and pNS23. Compar-
ing the pDK60 and pDK61 lanes with the controls shows a 
single unique band of 32,000 dalton expressed at high levels 
by pDK60. This construction places ddl in the same orien-
tation as P L•  pDK61, with ddl expression opposed to 
does not express the 32,000 dalton product. Therefore, the 
unique band corresponds to the ddl gene product. This 
result is consistent with the 30,000 dalton ddl product 
proposed by Lutkenhaus and Wu (1980), with the slight 
difference possibly attributable to the use of different 
PAGE systems or anomalous migration (Banker and Cotman, 
1972) 
Similarly, comparison of the pNS23 lane with pHUB2 and 
pRK248 lanes reveals two unique polypeptides of 46,000 and 
35,000 daltons expressed by pNS23. The 46,000 dalton 
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Figure 6.2 
Gene products expressed by the 1.2 kb BamHI and 2.3 kb EcoRI 
fragments 
A 7-20% gradient SDS-PAGE autoradiogram 
Lanes: 
size standards: Phosphorylase b (94 K); BSA (67 K); 
Ovalbumin (43 K); Carbonic anhydrase (30 K); Soybean trypsin 









Unlab,ed size standards were detected by staining in 
Coomassie blue and marking their positions on the 
autoradiogram (pencil marks in the size standard lanes are 
faintly visible). All band sizes are in units of 
kilodaltons. 	Al1 	ctA 	 - e- e- -'-- 
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species is nearest in size to FtsA, reported as a 50,000 
dalton polypeptide by Lutkenhaus and Wu (1980) and 
Lutkenhaus and Donachie (1979). Robinson et al. (1984), 
however, report that the calculated molecular weight of 
FtsA, based on sequence data, is 46,416. A KpnI deletion 
derivative of pNS23 (constructed by V. Derbyshire), 
destroying both ftsA and ftsQ complementation (see the 
comparable insert of pDK320 in Figure 5.3), does not express 
the 46,000 dalton protein, suggesting strongly that it does 
in fact correspond to FtsA. Again, the larger previous 
measurements may be attributable to anomalous migration or 
differences between SDS-PAGE systems. 
The 35,000 dalton product expressed by pNS23 was also 
destroyed by the KpnI deletion mentioned above. This 
implies either that the protein is expressed by ftsQ, or that it is 
a degradation product of the 46,000 dalton ftsA product. Cloning 
the 2.3 kb rearranged BamilI fragment into pHUB2 should destroy ftsQ 
expression in the minicell expression system and thereby help to 
distinguish between the above possibilities. If the 35,000 dalton 
protein is the ftsQ product, then it must also be explained why it is ex.-
pressed at such low levels in spite of the P fusion. Possibilities 
include some type of post-transcriptional regulation, unstable transcripts, 
or unstable protein. The fact that ftsQ appears to be expressed at low 
levels may explain why it was not detected in the transducing-phage-
directed system of Lutkenhaus and Wu (1980). ,) 
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Chapter 7 Effects of manipulating ftsQ and ftsA sequences 
7.1 Effects of high levels of transcription across ftsA and 
ftsQ 
An operon fusion which placed the rearranged 2.3 kb 
BarnHI fragment under transcriptional control from P gal' 
recombinant pDK110, was described in Section 5.5. Cells 
carrying pDK110 grew poorly, presumably due to a deleterious 
effect of increased transcription across ftsQ and ftsA 
sequences. The pDK110 insert is known to express ftsA in 
both orientations in pK04 (see Figure 5.3) and subcloning 
the fragment into pHR9 using restriction sites that destroy 
ftsA prevents deleterious effects. One of these subcloning 
products, pDK114, is able to complement ftsQ even though the 
insert lacks the ftsQ 5'-terminus (see Figure 5.5). ftsQ 
expression in pDK114 is probably made possible by trans-
lation from the jE translational start sequences provided 
by the pHR9 vector (see Section 7.4). Even though comple-
mentation tests are not possible with pDK110 due to poor 
viability of host cells, we may reasonably assume that 
pDK110 also expresses ftsQ because this construction repro-
duces the 	4E-ftsQ domain of pDK114. Therefore, pDK110 
lethality may not be simply due to high levels of ftsA 
expression. A simple experiment to test whether ftsA is 
deleterious in the absence of ftsQ would be to isolate a 
transposon-inactivated ftsQ in pDK302, and then to clone the 
altered insert into pHR9. Note that a straightforward 
transposon insertion into pDK110 would be undesirable, 
because pDK110 mutations appear to be strongly selected (see 
below). 
Regardless of whether ftsA or an ftsQ-ftsA effect is 
responsible for pDK110-induced lethality, effects on the 
host cell are interesting. The initial pDK110 cloning and 
transformation into C600K(recA) produced small red 
colonies among normal-sized white and red colonies. When 
the small red colonies were streaked out, the plates grew 
mostly small red colonies but also many normal-sized red 
colonies and rare white colonies. Their plasmid DNA was not 
analyzed, but all four galactokinase assays attempted on 
larger red colonies gave much lower levels of 2K ex-
pression than pHR9. This suggests that promoter-down 
mutations were selected in pDK110. It was not possible to 
assay the small red colonies, which carried pDK110, because 
they would not grow in minimal media. 
To demonstrate that pDK110 is unstable, C600K(recA) 
transformants were selected on NB-Ap at 30°C and streaked 
once on NB-Ap. A single colony was then innoculated into a 
non-selective broth medium at 30°C and 37°C. Every 24 
hours, the culture was subcultured 1:10,000, and dilutions 
of the overnight culture were plated onto NB agar. 100 
colonies were then patched onto NB and NB-Ap plates, and the 
percentage of ApS  was scored. The curing curve is shown 
in Figure 7.1. 
The reason for attempting pDK110 curing at both 30°C 
and 37°C is that C600K(recA) does not grow at 42°C, and 
pDK110 transformants appear healthier at 30°C than at 37°C 
(see below). Unfortunately, I failed to monitor optical 
density in this experiment, so that differences in curing at 
30°C and 37°C with respect to generations of cells cannot be 
inferred from these data. The experiment does, however, 
demonstrate a very strong selection against pDK110 in 
nonselective media, while pDK40, carrying the same insert, 
and pDK302, carrying the intact 2.3 kb EcoRI fragment, do 
not appear to be selected against at all. The significance 
of these results will be discussed in Section 7.2. 
C600K(recA)-pDK110 transformants grew as short-
to-medium length filaments at 30°C. Division was grossly 
aberrant in these cells, demonstrated by the fact that 
filaments of many different sizes were produced as well as a 
small number of minicells (results not shown). Many of the 
Figure 7.1 
Curing of pDK110 
The lower scale is in increments of days in nonselective 
media. Solid symbols show the percentage of ampicillin 
resistant colonies in C600K (recA) transformants of pDK40, 
pDK302, and pKOl at both 30°C and 37°C. Open squares show 
the percentage of ampicillin resistant colonies in pDK110 
transformants at 37°C, and open circles show the same cells 
at 30°C. Optical density was not followed, so that curing 
cannot be expressed in terms of generations of cells. 
However, cells growing at 37°C appeared much less healthy 







filaments displayed bulges at regular intervals along their 
length, presumably at sites of nascent septa. These bulges 
are reminiscent of penicillin bulges described by Spratt 
0C(-' rr-n- 
(1977) 1 as the result of both PBP3 and PBP2 inhibition. At 
37°C these cells lysed rapidly, and occasionally, emerging 
spheroplasts were evident. While this evaluation of pDK110 
effects is too hasty for serious speculation of their 
basis, it is striking that ftsA (or ftsA-ftsQ) overproduc-
tion causes morphological changes reminiscent of those 
óe&e 
produced by class 2, class 7, and class 9 morphogenes. A 
more careful analysis of these effects may reveal important 
aspects of ftsA involvement in cell division. 
7.2 Cloning ftsQ and its promoter in high copy number 
vectors 
ftsQ has been cloned without its promoter, as an EcoRI 
fragment, into several different high copy number vectors. 
Likewise, its promoter has been successfully cloned into the 
same vectors. ftsQ has even been cloned in high copy number 
under transcriptional control from P 
gal'  which is approxi-
mately 5-10 times stronger than P ftsQ (recombinant 
pDK114, see Figure 5.5). However, repeated attempts to 
clone the 3.2 kb Hindlil fragment, bearing P 
ftsQ  and ftsQ 
in their natural association (see Figure 4.1), into a high 
copy vector have been unsuccessful. 
At this point it is useful to consider ways of demon-
strating that a recombinant construction is not stable. If 
the source of DNA used for the cloning yields more than one 
possible insertion fragment, then recovery of all possible 
recombinants except for one suggests that the construction 
which is missing is not stable. In the case of the 
ME-Hindlil cloning, the 3.5 kb fragment carries envA and is 
thus itself unstable, hence there is no internal control for 
a successful cloning. Recovery of the arms of the lambda 
M. 
vector as an insertion into the plasmid vector would again 
suggest that the other fragments were unstable, although I 
never attempted clonings under conditions that would favor 
recovery of the arms of lambda. 
Another approach would be to clone the fragment into a 
low copy vector, such as pSC1O1, and then use this recom-
binant as the source for cloning into a high copy vector. 
Recovery of only pSC101 vector insertions into the high copy 
vector would indicate that the fragment was unstable. I 
refrained from using pSC101 because of the lack of a conve-
nient selection for recombinants. However, Stoker et al. 
(1982) report several new,low copy vectors specifically 
designed for cloning deleterious cell surface and division 
genetic elements, and these vectors should allow cloning of 
the 3.2 kb Hindill fragment. 
I did attempt a similar approach which involved 
cloning the fragment into pNS10, a variable copy number 
vector carrying both the Co1E1 origin (oriV) and the pSC101 
origin. This vector is maintained at high copy number in a 
polA(ts) strain at 30°C and at low copy number at 42°C 
(Sullivan and Donachie, 1984b). Unfortunately, I failed to 
produce a 3.2 kb Hindlil fragment-pNS10 recombinant despite 
repeated efforts. Because pNS10 is maintained at approxi-
mately four copies at 42°C, it is unlikely that a 3.2 kb 
Hindill recombinant would be unstable due to extra copies of 
ftsQ. Therefore, I feel that failure to clone this insert 
into pNS10 probably represents complications of the cloning 
experiment rather than an unstable low copy construction. 
Another approach which I attempted was the recon-
struction of a PftsQ_ftsQ association by cloning the 
appropriate inserts together. pNS28 carries the 2.2 kb 
BamHI-EcoRI segment containing most of the coding sequence 
for ftsQ but lacking its 5 1 -terminus and promoter. Note 
that this insert is the same as for pDK40 (Figure 5.3), 
except that pNS28 lacks the 104 bp EcoRI-BarnHI fragment to 
the right of the insert. The missing ftsQ sequences, 
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however, are carried by the 1.2 kb BamHI fragment of pDK20 
(see Figure 4.5), Therefore, I attempted to clone the BamHI 
fragment into pNS28. Recovery of only fragments oriented 
such that ddl is expressed anti-parallel to ftsQ would 
indicate that the reverse orientation produced an unstable 
construction. I did, in fact, recover the insert in the 
opposite orientation (designated pDK81, see Appendix A.10 
and Figure 7.2), but I recovered only one recombinant in 
over 70 clones screened. Time constraints prevented me from 
repeating this experiment. 
In conclusion, I have not been able to demonstrate 
that the 3.2 kb Hindill fragment is unstable in a high copy 
vector, although I have generated some circumstantial 
evidence to this effect. There are,published results which 
suggest that ftsQ is not stable when cloned with its 
promoter in high copy. Nishimura et al. (1977) screened the 
Clarke and Carbon bank of random E. coli chromosome-ColEl 
recombinants (Clarke and Carbon, 1976, 1977) in search of 
cell surface growth and cell division genetic markers. 
Several loci, including ftsA, were missing from this bank. 
Unfortunately, ftsQ was not St''- because it was unknown 
at the time. 2000 clones were screened, with a theoretical 
99% probability of locating a specific marker after 
screening 1440 clones. Since ftsA is known to be stable in 
various high copy constructions, the average insert size in 
this collection is 14 kb, and ftsQ and ftsA are very closely 
linked, the absence of ftsA could reflect a selection 
against the intact ftsQ locus. 
7.3 Morphological effects of uncoupling ftsA expression 
from ftsQ 
As noted earlier, pDK40 transformants grow as ovoids 
of various sizes. Because ftsA strains transformed with 
pDK40 formed normal-sized colonies at 42°C and did not grow 
M. 
as filaments, the 2.3 kb BamHI fragment complements ftsA. 
- 
ftsQAstrains, however, formed typical filaments at 42°C. 
pNS28, an independently constructed recombinant (discussed 
in Section 7.1) carries the same sequences in the P 4 -ftsQ-
ftsA domains as pDK40. Likewise pNS28 complements ftsA but 
not ftsQ. Although an ftsA(ts)-pNS28 transformant was 
reported by Robinson et al. (1984) to grow and divide 
normally at the restrictive temperature, on closer exami-
nation I observed that pNS28 produces the same ovoid pheno-
type as pDK40. 
One explanation for the ovoid morphology is that 
activity of FtsQ and FtsA might be coordinated such that 
increasing the gene dosage of ftsA relative to ftsQ produces 
an unbalanced FtsA activity. However, this possibility may 
be ruled out by the observation that pGH300, which also 
complements ftsA but not ftsQ, produces normal rod-shaped 
cells. The difference between pGH300 and pDK40 is that the 
latter has P 4 reading across the insert (see Figure 7.2). 
Therefore, we may postulate that the ovoid morphology 
results from unbalanced ftsA expression by the weak vector 
promoter. P4 transcription in pDK302 would produce a 
transcript with complete ftsQ-ftsA coding and translational 
regulatory sequences (see Figure 7.2) 	In pDK40, however, 
the 5 1 -terminus of ftsQ is removed so that ftsQ translation 
would not be possible from P 4 transcripts. Therefore, 
activity of the ftsA ribosomal binding site could not be 
modified by ftsQ translation. pGH300 would produce a P 4 
transcript that terminates in the insert, while P ftsA 
would allow independent expression of ftsA in the opposite 
direction. Note that P ftsA  presumably would be responsive 
to morphogenetic regulatory signals; hence pGH300 trans-
formants appear rod-shaped. P 4 would not be regulated in 
this manner, thus pDK40 transformants express ftsA out of 
harmony with morphogenetic requirements. Balance appears to 
be restored if ftsQ is associated with ftsA on the same 
transcript, as in pDK302. These results suggest that ftsQ 
Figure 7.2 
ftsA transcription and translation in pDK40 and similar 
constructions 
For each construction, upstream vector sequences are 
represented schematically as a single line and inserted 
sequences are shown as rectangles. Only relevant 
restriction sites are indicated, and these correspond to the 
symbols explained in Figure 4.3. Transcripts are 
represented as originating at either P 4 or P ftsA  and 
continuing in the direction of the star. Translational 
starts are shown under ftsQ and ftsA. The ftsQ 5 1 -terminus 
is not present at the left BaniHI site of pDK40 as indicated 
by xftsQ. P4 transcripts do not continue through the 
insert in pGH300, as indicated by ---x. pDK81 carries the 
ddl fragment oriented away from the downstream ftsQ-ftsA 
fragment, and therefore duplicates aspects of both pDK40 and 
pGH300 constructions. See text for details. 
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and ftsA may normally be expressed, in at least some sit-
uations, from the ftsQ promoter, and that translation of the 
two may then be coupled (see Chapter 8). 
Translational coupling has been demonstrated in 
several operons where coordinate expression of adjacent loci 
is important (cf. Schumperli et al., 1982; Baughman and 
Nomura, 1983). The mechanism is not known in detail, but 
apparently ribosomes terminating near the ribosomal binding 
site of an adjacent gene are well situated to re-initiate 
translation there. The role of translational coupling in 
expression of ftsQ and ftsA remains to be determined. I 
have shown that expression of ftsA in pDK40 strains does 
lead to aberrant morphology, similar to that seen withA 
or rodA deficiencies and dacA overproduction. The pDK110 
results discussed above also indicate that even 
co-expression of ftsQ and ftsA can disrupt morphogenesis if 
they are transcribed by the moderately strong P 
gal'  Note 
that ftsQ alone can apparently be transcribed at high levels 
with no ill effect (as in pDK114), although the low levels 
of FtsQ seen with the pHtIB2 expression vector suggest the 
possibility that ftsQ is subjected to post-transcriptional 
regulation. The significance of ftsQ-ftsA coupling is 
considered further in Chapter 8. 
7.4 The jE-ftsQ operon fusion 
pDK315 and pDK114 carry the same 971 bp BamHI-BglII 
insert (see Figure 5.5), yet pDK114 complements ftsQ and 
pDK315 does not. Both constructions lack the ftsQ 
5 1 -terminus, although pDK114 provides the galE 5 1 -terminus 
and ribosomal binding site approximately 420 bp upstream of 
the BamHI insertion site. Thus, pDK114 most likely comple-
ments ftsQ through synthesis of a Ga1E-FtsQ hybrid protein. 
As discussed in Chapter 5, the iE sequence provided by 
McKenney is at odds with the translational phase across the 
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BamHI site predicted by a functional jE-ftsQ fusion, 
although independent galE sequencing results suggest that 
McKenney's sequence contains some errors. Even so, we can 
assume that most of the sequence is correct and can there-
fore predict some of the properties of a putative Ga1E-FtsQ 
hybrid product. Such a fusion would yield a protein carry-
ing approximately 140 N-terminal amino acids from GalE, 1 
amino acid specified by the BamHI linker, and the C-terminal 
249 amino acids from FtsQ (based on the proposed ftsQ 
sequence, Robinson et al., 1984). Only 27 N-terminal FtsQ 
amino acids would be deleted in this construction. 
Because expression of the hybrid product is under 
gal control, it should be possible to demonstrate the 
predicted 43,000 dalton product at relatively high levels in 
minicells, and also to eliminate expression by placing a 
transposon within the galE coding sequence. Such an experi-
ment should be able to demonstrate that the fusion protein 
is expressed and would then confirm the 2jE translational 
phase. 
The fact that a GalE-FtsQ hybrid protein preserves 
FtsQ activity has certain implications for ftsQ function. 
FtsQ is probably not a membrane or periplasmic protein, 
because its N-terminus can be replaced by the N-terminus of 
GalE, a cytoplasmic protein, without effect. The N-terminal 
domain also must not be essential for FtsQ activity. There 
is no evidence that FtsQ functions in a structural or 
enzymatic complex. The simplest explanation for ftsQ 
complementation is that the product is an enzyme whose 
catalytic activity does not involve the N-terminal domain. 
The possibility of constructing other ftsQ fusions 
offers encouragement for investigations into ftsQ expression 
and the biochemical activity of its product. A useful 
Pgai_alE_.tQ_LtA fusion would be readily constructed as 
follows: The 840 bp EcoRI fragment, carrying ddl coding 
sequence (see Figure 4.1), could be inserted into the single 
EcoRI site of pDK114 in the proper orientation. The ddl- 
Pg1_galEt .Q fusion could then be crossed onto a 
A16-25(ftsQ) derivative (see Figure 2.1; )\16-25 would 
require a transposon-inactivated ftsQ locus). The resulting 
construction would place ftsQ, and presumably ftsA, under 
P gal 	 gal 
expression. Controlled induction of P 	could 
then be used to probe effects of overproduction of ftsQ and 
ftsA, division cycle requirements for their expression, and 
effects of uncoupled expression of each product alone. This 
sort of approach may elucidate some of the interesting 
phenotypes seen with ftsQ-ftsA manipulations. Other useful 
operon fusions are discussed in Chapter 8. 
Chapter 8 	Conclusions 
8.1 Summary of the molecular genetics of the 2-minute region 
and correlation with sequencing results 
In Chapter 2, I set out my specific goals for inves-
tigating the molecular genetics in the murC-ddl-ftsQ-ftsA-
ftsZ cluster. As I proceeded with my work, A.C. Robinson 
sequenced the 2.3 kb EcoRI fragment and part of the 1.2 kb 
BamHI fragment. Our results complement each other and have 
been included in a recent publication (Robinson et al., 
1984) which is found in Appendix B. This paper contains 
only a portion of my results, and another paper correlating 
my molecular genetics results for the ddl region with A.C. 
Robinson's ddl sequence is in process. An overview of my 
conclusions and their relationship to the sequence data is 
presented in the following paragraphs. 
Two aspects of the 2-minute region organization stand 
out in Figure 8.1: All genes are oriented clockwise, and 
there is little space between genes. First consider orien-
tation. All genetic, operon fusion, and sequence results 
Vtoe',v, 
agree,that the loci between murG and envA are transcribed in 
a.clockwise sense. There is conflicting genetic data for 
envA, but direct promoter fusions have confirmed that it too 
is transcribed in a clockwise fashion. Other regional loci 
not carried by A16-2 have also been shown to be oriented in 
the same direction, including secA (Oliver and Beckwith, 
1982) and ftsl (Nakamura et al., 1983). Thus, it seems 
probable that most if not all loci in the 2-minute morpho-
genetic cluster are transcribed in the same direction. This 
remarkable organization could reflect either a general 
mechanism for coordinating expression of these products or a 
series of divergent sequence duplications. Both of these 
possibilities are consistent with my results and the se-
quence data, and will be considered further below. 
Figure 8.1 
Organization of the murC-ddl-ftsQ-ftsA-ftsz region 
Figure 8.1 is simply an enlargement of the bottom of Figure 
4.5, and has been placed in the figure pocket inside the 
rear cover so that it may be removed along with the sequence 
and kept at hand while reading the text. Note that this 
figure summarizes primarily genetic results, and as such 
does not distinguish the two groups of multiple putative 
promoters identified by the sequence for ftsA and ftsZ. 
Therefore, the ftsA promoter in this figure corresponds to 
two promoter sequences, P 1 also represents two putative 
promoter sequences, and hence ftsZ has a total of three 
putative promoters. It is for this reason that my genetic 
assignment of promoters does not correspond exactly to the 
conventions used for the sequence assignments of promoters 
by Robinson et al. (1984). 
Neidhardt et al. (1983) report that E. coli chromo-
somal coding capacity is 70% utilized on average, assuming 
t.&) 4A 	, 	4ay a 	 I- J- 
 one polypeptide per sequence domains. Yet, Figure 8.1 shows 
that coding capacity in the 2-minute region must be closer 
to being 100% utilized. In fact, the sequence of ftsQ and 
ftsA domains (Robinson et al., 1984) as well as of ddl (A.C. 
Robinson, personal communication) shows that these domains 
utilize almost 100% of the regional coding capacity. Why 
there should be such constraints on space in the 2-minute 
region is not immediately obvious, but it may reflect the 
means by which expression of these loci is regulated. One 
mechanism that would require tight linkage of adjacent loci 
is translational coupling. 
Even though a mechanism of coordinate expression 
accounts well for the organization of the 2-minute cluster, 
it is difficult to reconcile with the observation that each 
of these loci is capable of independent expression in most 
genetic manipulations attempted. Figure 8.1 reminds us that 
each locus carries an independent promoter; although poly-
cistronic transcripts have not yet been demonstrated, the 
absence of strong terminators between murC and ftsZ implies 
that different subsets of 2-minute loci can be expressed 
from a series of discrete transcripts. Which transcripts 
are actually produced would depend on relative individual 
promoter activities. Perhaps different sets of genes need 
to be expressed coordinately at different stages of the 
division cycle, or possibly weak booster promoters within an 
operon allow, fine tuning of expression of critical products. 
So far we have not observed a classical operon organization 
in the 2-minute cluster, although a detailed analysis of 
transcripts produced by this region should reveal much about 
how these genes are expressed. 
Lutkenhaus and Wu (1980) present strong genetic 
evidence that ddl normally requires intact murC sequences 
for efficient expression. This may indicate a requirement 
for a promoter upstream of the murC 5'-terminus, or it may 
al 
reflect a mechanism of translational regulation involving 
murC sequences. I have demonstrated that ddl is expressed 
from its independent promoter in a high copy vector, but it 
is not known why this promoter is inadequate in single copy 
systems. Possible reasons include weak P 
ddl  activity 
which adds up in a multicopy system or titration of a 
repressor. The ddl 5'-terminal sequence has not been 
completed as of the time of this writing, although sequence 
confirmation of P dd1  should be available in the near 
future (A.C. Robinson, personal communication). 
All genetic tests of ftsA expression reveal that this 
locus may be expressed from its own promoter, however 
ftsA activity could not be demonstrated in a high copy 
galK fusion system. Possible explanations include that ftsA 
is normally expressed at very low levels (only 400 molecules 
per cell, Lutkenhaus and Donachie, 1979), that P ftsA 
requires a titratable activator, or that ftsA represses its 
own synthesis. The latter possibility would explain why a 
PfSA-PfSQ-lacZ fusion increases beta-galactosidase 
activity in an ftsA(am) background, and why this fusion 
appears to express the same number of transcripts per 
septum, assuming that FtsA is used up only in septation. 
The 2.3 kb EcoRI segment sequence does reveal two 
possible promoter sequences upstream of ftsA (based on 
consensus sequences, Hawley and McClure, 1983),-lying within 
ftsQ coding sequence (see Appendix B, page 551, and Table 2, 
page 552.). Characterization of their activity will pro-
bably require manipulations in a single-copy lacZ fusion 
vector such as AJFL100. At least one precedent for a 
promoter internal to an upstream gene is seen in the trp 
operon (Horowitz and Platt, 1982). Location of promoter 
sequences within adjacent coding sequence imposes severe 
constraints on the evolution of these promoters and 
indicates that the translational coupling between ftsQ and 
ftsA must be important for survival. The morphogenetic 
perturbations that I have found to occur when an uncoupled 
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ftsA locus is transcribed by a weak exogenous promoter 
suggests that expression of ftsQ and ftsA is normally 
coordinated. Coupling could be confirmed by transcriptional 
analysis and the single-copy P 
gal  fusion proposed in 
Section 7.4. 
The ftsQ sequence has identified a possible promoter 
to the left of the ftsQ EcoRI site, as predicted by the 
genetic and fusion results (see Figure 8.1 and Appendix B). 
The emerging ddl sequence also reveals that the ddl stop 
codon and ftsQ initiation codon are separated by only one bp 
(A.C. Robinson, personal communication). Therefore, P ftsQ 
lies within ddl coding sequence and these 2 loci are pro-
bably also translationally coupled. It is somewhat sur-
prising that ddl and ftsQ should be coupled, as the former 
is specifically involved in muropeptide synthesis while the 
latter specifically affects septation. The only explanation 
that can be offered here is that balanced cell surface 
growth may require that ddl and ftsQ be expressed together 
over certain time periods or growth conditions, while ftsQ 
and ftsA must be coordinately expressed during other times 
or conditions. This behavior would be consistent with a 
model in which P 
ftsQ  and P ftsA function only in certain 
situations, while a promoter upstream of ddl, including some 
or all of the mur loci, is active under a different set of 
conditions. The fact that no terminator activity was 
detected between murC and ftsQ is consistent with polycis-
tronic transcription of ddl and ftsQ. Again, trans-
criptional analysis would confirm or disprove this model. 
All of the promoter activity detected on the 2,3 kb 
EcoRI fragment lies on the right side of the fragment 
between the BglII and EcoRI sites and is split into two 
independent foci by the Hindlil site. This organization is 
represented as the ftsZ P 2 and P 1 promoters in Figure 
8.1. The 2.3 kb EcoRI sequence does in fact show a single 
promoter-like sequence (see Table 2, page 552 in Appendix B) 
approximately 200 bp to the left of the Hindlil site, 
93 
consistent with the predictions of Jones and Holland (1984). 
Note that this promoter, designated P 
ftsZ2  in this thesis, 
is designated ftsZ p3 in Robinson et al. (1984). Because my 
nomenclature scheme is based primarily on genetic evidence 
and has only allowed for two ftsZ promoters, I will use the 
Robinson et al. designations for the remainder of this 
discussion. The sequence also reveals 2 promoter-like 
sequences on the 482 bp Hindlil-EcoRl segment, corresponding 
to P 1 in Figure 8.1. All three of these putative 
promoters lie within ftsA coding sequence, although ftsA and 
ftsZ do not appear as closely linked as the two upstream 
loci. The 63 bp sequence separating ftsA and ftsZ carries 
an 8 bp inverted repeat predicted to form a stem-loop 
secondary structure immediately beyond the -10 sequence of 
ftsZ p1. Its function is not known, but it presumably 
reflects a mechanism for regulating ftsZ transcription by 
the three upstream promoters. These promoters have not been 
well studied in isolation from each other, and again, trans-
criptional analysis would be of benefit in further charac-
terizing their function. 
Other regions of dyad symmetry are seen to be associ-
ated with ftsZ p2 and ftsZ p3 as well as ftsA p2. Further-
more, the symmetrical elements near ftsA p2 and ftsZ p3 are 
remarkably similar, with 11 of 13 bp surrounding the centers 
of symmetry being identical. Again, these symmetrical 
elements could well represent regulatory sites for promoter 
activity. None of the possible stem-loop structures bear 
any relation to typical simple-terminator sites (Platt and 
Bear, 1984), however stem-loops formed in either the DNA 
template or the nascent RNA chain could conceivably impede 
RNA polymerase progression and thereby account for some of 
the 50-70% readthrough decreases measured for the ftsQ-ftsZ 
segment in my terminator assay system. 
Direct measurements of the sizes of ddl, ftsQ and ftsA 
products confirmed the assignments made by Lutkenhaus and 
Wu. I have also identified the FtsQ protein as a 35,000 
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dalton product, although it is expressed with low efficiency 
from a PL_fusion. The sequence predicts that ftsQ codes 
for a 31,434 dalton polypeptide, and differences between 
predicted and measured sizes may be due to anomalous mi-
gration of the protein on SDS-PAGE gels. Note that my 
measurement of FtsA as a 46,000 dalton protein closely 
matches the sequence prediction of 45,416 daltons, whereas 
previous measurements had reported FtsA as having a size of 
50,000 daltons (Lutkenhaus and Donachie, 1979; Lutkenhaus 
and Wu, 1980). The measurement of 32,000 daltons for Ddl 
may be compared with the ddl sequence when it is completed. 
8.2 Prospects for future studies 
The need for transcriptional data was mentioned 
repeatedly in Section 8.1. Specific approaches include 
Si-mapping of transcriptional starts and analysis of the 
different classes of transcripts produced by the 2-minute 
loci. Because we still lack biochemical assays for most of 
the cell division genes, transcriptional analysis would give 
much useful information regarding the expression of these 
genes. Also, expression mutations can readily be construct-
ed, isolated, and characterized using both the sequence data 
and the series of promoter-K fusions that have been 
constructed. 
Determining the regulatory mechanisms of cell division 
gene expression will probably require more subtle manipu-
lations than have been used previously. Even though cells 
continue to grow and divide normally in spite of gross 
rearrangements of cell division genes, the fact that many of 
these loci appear coupled in expression suggests that their 
compensated patterns of gene expression may not reflect 
normal regulatory pathways of division gene expression. 
Therefore, single copy operon fusions will be most useful. 
Moreover, this technique would preferably place a lacZ 
49 
marker within the chromosomal locus to be studied in a 
manner that preserves the organization of adjacent loci. 
Further use of the jE-ftsQ fusion in placing ftsQ 
and ftsA under P gal  control was outlined in Section 7.4. 
Another useful constructions would be to fuse the C-terminal 
ends of ftsQ and ftsA (or indeed, any locus to be inves-
tigated) to the N-terminus of lacZ (Silhavy et al., 1984). 
Such hybrid proteins generally retain beta-galactosidase 
function and often retain the activity of the gene product 
of interest. This approach could then be used to overcome 
the general absence of cell division factor assays, and 
would open the way for biochemical characterization of these 
gene products. 
One construction in particular, described by Germino 
and Bastia (1984), allows rapid purification of many lacZ 
fusions. Their vector incorporates a collagen linker 
between the fusion site and lacZ. Genes inserted in the 
correct translational phase usually express beta-
galactosidase activity, allowing the hybrid protein to be 
purified to near homogeneity over a beta-galactosidase 
affinity column. The beta-galactosidase domain may then be 
removed by treatment with collagenase and the protein of 
interest purified to homogeneity by HPLC. Isolating pu-
rified FtsQ and FtsA proteins would be a first step in 
identifying other components of the septation apparatus, 
again by affinity chromatography using a column bound with 
FtsQ or FtsA. 
Elucidation of the mechanisms underlying E. coli cell 
division will ultimately require a concerted effort spanning 
the spectrum from biophysical analysis of the involved DNA 
sequences to biochemical characterization of their gene 
products and physiological integration into a functional 
system. A molecular genetics approach such as I have 
described in these pages is providing the ground work for a 




All recombinant constructions were planned and ver-
ified using Smith and BIrnsll restriction maps (see Figure 
4.4) of the 1.2 kb BamHI and the 2.3 kb EcoRI fragments. 
The sequence of the 2.3 kb EcoRI fragment (Robinson et al., 
1984) further confirmed relevant constructions. 
A.1 Subcloning from ,\tE into pBR325 
,\LE contains several convenient restriction fragments 
(see Figure 4.1) for subcloning into a high-copy number 
plasmid vector such as pBR325 (see Figure 4.2). 
E DNA was digested to completion with EcoRI and 
ligated with EcoRI-digested pBR325. The ligation mix was 
transformed into C600K and cells were plated on NB-Ap-Tc 
plates. Transformants were screened for sensitivity to Cm. 
Apr TcrCms recombinants were screened for EcoRI in- 
sertions by restriction analysis of miniprep DNA. Recom-
binants were recovered carrying the 540, 840, and 2300 bp 
EcoRI fragments (gels not shown), but the 2500 bp EcoRI 
fragment was not seen. Sullivan and Donachie (1984b) report 
that this fragment is unstable when cloned in multiple 
copies (although it can be cloned in lambda vectors, see 
Figure 2.2) and attribute the instability to a deleterious 
effect of high levels of envA expression. The 2300 bp EcoRI 
fragment was previously cloned into pBR325 by Graham Hatfull 
(pGH4, see Robinson et al., 1984), hence the identical 
recombinants recovered in this experiment were studied no 
further. The 540 bp and 840 bp EcoRI recombinants were 




Restriction analysis: pDK5, pDK10, pDK11 
Lanes: 
A:)cI857-EcoRI; 	B: pDK5-EcoRI; 	C: pBR325-EcoRI; 
D: pDK10-EcoRI; E: pDK11-EcoRI; F: pDK10-PstI 
G: pDK11-PstI; 	H: pHR1800-EcoRI; I:,cI857-HindIII 
All band sizes are in units of kb. cI857-HindIII size 
standards are marked on the right; arrows mark fragments 
yielded by recombinants. Lanes B and C show that pDK5 
consists of the pBR325 vector and the 840 bp EcoRI insert. 
Lanes D and E show that pDK10 and pDK11 carry the same 
fragment as an insert into pKOl. Lanes F and G confirm the 
orientations of pDK10 and pDK11. Lane H is irrelevent to 
this analysis. 













A E contains only 2 BamHI sites in the chromosomal 
insert, but several sites also lie in the phage vector. To 
simplify cloning, ALE DNA was digested to completion with 
Hindlil, yielding 3200 bp and 3500 bp Hindill fragments (see 
Figure 4.1). These chromosomal fragments were separated 
from the high molecular weight vector arms by sucrose 
gradient centrifugation. The isolated Hindill fragments 
were then digested to completion with BamHI and ligated with 
BamHI-digested pBR325. The ligation mix was transformed 
into C600K and cells were plated onto NB-Ap-Cm plates. 
Transforrnants were screened for sensitivity to Tc. 
AprcmrTcs recombinants were screened for BamHI inser- 
tions by restriction analysis of miniprep DNA. The 1180 bp 
BamHI fragment was recovered as a recombinant, designated 
pDK20 (see Figure A.7). 
A Hindlil subcloning of AE was attempted numerous 
times (see Figure 4.1 and chapter 7), but no recombinants 
were recovered. The 3.5 kb Hindlil fragment is not expected 
to be stable in high copy number because of the deleterious 
effects of envA (Sullivan and Donachie, 1984b). See chapter 
7 for a discussion of why the 3.2 kb fragment also may not 
be stable in high copy number. 
A.2 Subcloning from pBR325 constructions into pKOl and pK04 
The vector pKOl is illustrated in Figure 5.1. pDK5 
DNA was digested to completion with EcoRI and ligated with 
EcoRI-digested pKOl. The ligation mix was transformed into 
C600K and plated onto Macconkey-gal-Ap plates. Both red 
and white transformants were recovered, and these were 
screened for EcoRI insertions by restriction analysis of 
miniprep DNA (see Figure A.1). Recombinants of the 840 bp 
EcoRI fragment were recovered with both the red and white 
phenotypes (designated pDK10 and pDK11 respectively). The 
fragments were oriented with a PstI digest (see Figure A.1). 
pDK10 was found to have the 840 bp EcoRI fragment oriented 
such that left to right in Figure 4.1 (and all Figures 
showing genetic organization of the 2-minute region) lies in 
the same direction as transcription of the galK gene in pKOl 
(PstI yielding fragments consistent with the predicted sizes 
of 920 and 3900 bp). pDK11 was found to lie in the opposite 
orientation (PstI digest yielding fragments corresponding to 
the predicted sizes of 1420 and 3400 bp). The insert of 
pDK10 is shown in Figure 5.2. 
The pDK7 insert was subcloned into pKOl in a similar 
fashion to give pDK50 (red) and pDK51 (white). These 
recombinants were oriented with PstI-BamHI double digests. 
pDK50 was found to carry the 540 bp EcoRI fragment in the 
same orientation as galK, shown by a PstI-BamHI double 
digest yielding fragments closely corresponding to the 
predicted values of 1070 and 3450 bp (gel not shown). pDK51 
was found to carry the insert in the opposite orientation 
(with PstI-BaniHI double digestion yielding fragments corre-
sponding to the predicted values of 960 and 3560 bp). 	The 
insert of pDK50 is shown in Figure 5.2. 
pDK20 DNA was digested to completion with BamHI, the 
digest was electrophoresed on an agarose gel, and the 1.2 kb 
fragment band was cut out of the gel. The purified fragment 
was ligated with BamHI digested pK04 (a derivative of pKOl 
with a 10 bp BamHI linker in the Smal site, see Figure 5.1). 
The ligation mix was transformed into C600K and cells 
were plated onto Macconkey-gal-Ap plates. Both red and 
white transformants were recovered, and these were screened 
for BamHI insertions by restriction analysis (see Figure 
A.2). Recombinants were recovered with both red (pDK30) and 
white (pDK31) phenotypes. The inserts were oriented with an 
EcoRI digest (see Figure A.2). The insert in pDK30 was 
found to lie in the same direction as galK, shown by an 
EcoRI digest producing fragments closely corresponding to 
the predicted values of 520, 840, and 3790 bp. pDK31 was 
found to carry the insert in the opposite orientation (with 
Figure A.2 
Restriction analysis: ,AóE, pDK10, pDK11, pDK30, pDK31, 
pDK32, pDK33, pDK34, and pDK35 
Lanes: 	A: pDK10-EcoRI; B: pDK11-EcoRI C: 	A1E-EcoRI 
D: pDK30-EcoRI; E: pDK33-EcoRI F: pDK34-EcoRI 
G: pDK35-EcoRI; H:\cI857-HindIII  I: )AE-BamHI 
J: pDK30-BamHI; K: pDK31-BamHI L: pDK32-BamHI 
M: )cI857-HindIII 
All fragments are measured in units of kb. Ac1857 size 
standards are given on the right. Arrows mark fragments 
yielded by recombinants. This gel ran slightly skew, but 
these relationships held for numerous other gels (not 
shown). Lane C shows the EcoRI digest of )E. Lanes A and 
B show that pDK10 and pDK11 carry the 840 bp EcoRI fragment 
inserted into pKOl. Lanes D, E, F, and G compare pDK30 and 
its EcoRI deletion derivatives (see text for discussion). 
The pDK30-EcoRI digest also confirms orientation of the 
insert. Lane I shows the BamHI digest of ALE, and lanes J 
and K confirm that pDK30 and pDK31 carry the 1.2 kb BamHI 
insert. Lane L shows the mobility of the SalI-XhoI deletion 
derivative in relation to the intact 1.2 kb BamHI fragment. 
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a PstI digest producing fragments corresponding to the 
predicted values of 1850 and 3320 bp, gel not shown) 	The 
insert of pDK30 is shown in Figure 5.2. 
A.3 Construction of deletion derivatives of pDK30 
pDK30 carries several restriction sites that can be 
used to create deletions internal to, or at the ends of the 
1180 bp BainHi insert. pDK32 represents a SalI-XhoI deletion 
(see Figure 4.5 for the physical map of these restriction 
sites). Religation of SalI and XhoI sticky ends forms a 
TaqI site and destroys the recognition sequences for both of 
the original enzymes. pDK32 DNA is not, in fact, cut by 
either Sail or XhoI, nor by PstI, which site lies on the 
deleted fragment (gel not shown). Figure A.2 shows that the 
BamHI insert of pDK32 is smaller by about 120 bp, as pre-
dicted. 
pDK33 represents a deletion of both EcoRI fragments of 
pDK30. Note that the lambda 0 gene terminator (At 0 ) has 
also been deleted from the pK04 vector in this construction 
(see Figure 5.1). This construction gives only a single 
EcoRI fragment of 3780 bp, as predicted (see Figure A.2). 
pDK34 and pDK35 represent deletions of only one of the 
two EcoRI fragments (with sizes of 520 and 840 bp). 	pDK30 
DNA was partially digested with EcoRI and was then religated 
in dilute solution. The ligation mix was transformed into 
C600K and plated onto MacConkey-gal-Ap plates. Predomi-
nantly red transformants were recovered, and EcoRI analysis 
showed them to contain either the 520 bp EcoRI fragment 
(pDK34) or the 840 bp EcoRI fragment (pDK35, see Figure 
A.2). All of the pDK30 deletion derivatives are represented 
in Figure 5.2. 
A.4 Construction of pDK302 
100 
Figure A.3 
Restriction analysis: pDK302 and pGH301 
All fragment sizes are in kb 
A: 
Lanes: 	A: pGH301-HindIII 	B: cI857-HindIII 
C: pDK302-HindIII D: pDK302-undigested 
E: pGH301-undigested 
Lane A shows that the pGH301 construction carries 2 copies 
of the pKOl vector in the same orientation, and Lane E shows 
the low mobility of the undigested plasmid. Lanes C and D 
show that pDK302 carries a single copy of the vector and 
insert, and confirms the orientation of the insert. 
Lanes: 	A: pDK302-EcoRI 	 B: pDK302-HindIII 
C: \c1857-HindIII 
Lane A shows the 2.3 kb EcoRI insert and the pKOl vector. 
Lane B confirms the orientation of the insert. 
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Graham Hatfull subcloned the 2.3 kb EcoRI fragment 
from pGH4 (Robinson et al., 1984) into pKOl (Graham Hatfull, 
PhD thesis), yielding pGH301 (with the insert in the same 
orientation as c LalK) and pGH300 (with the insert in the 
opposite orientation). However, pGH301 carries 2 copies of 
the pKOl vector, lying in the same orientation (Graham 
Hatfull, PhD thesis). Because 2 vector copies could have 
unpredictable effects on copy number and jK expression, it 
was deemed necessary to reconstruct a single-copy version of 
pGH301. To this end, pGH301 DNA was digested to completion 
with EcoRI and then religated. The ligation mix was trans-
formed into C600K and plated onto NacConkey-gal-Ap 
plates. Both red and white transformants were recovered. 
Some of the red clones were screened for EcoRI insertions by 
restriction analysis of miniprep DNA. Samples of unre-
stricted DNA were also screened for unusually high molecular 
weight CCC, linear, and circular forms of the plasmids (see 
Figure A.3). A recombinant, pDK302, was chosen with the 2.3 
kb insert oriented in the same direction as jK in a single 
copy pKOl vector. Orientation was shown by a Hindill 
digest, yielding fragments closely corresponding to the 
predicted values of 5490 and 770 bp (see Figure A.3). 	The 
insert of pDK302 is represented in Figure 5.3. 
A.5 Construction of deletion derivatives of pDK302 
The 2.3 kb EcoRI fragment contains 2 KpnI sites, 2 
PvuII sites, and 1 BamHI and BglII site. The pKOl vector 
carries none of these sites, and deletions were easily 
constructed by digestion of pDK302 with the appropriate 
enzymes and religation in dilute solution. C600K trans-
formants all had the red phenotype, and recombinants were 
screened for deletions by restriction analysis. 
The BarnHI-BglII deletion derivative was designated 
pDK310. This plasmid was not cut by BamHI, BglII, or KpnI, 
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and generated an EcoRI fragment about 900 bp smaller than 
that of pDK302 (gels not shown), consistent with a deletion 
of the 971 bp BamHI-BglII fragment. The KpnI deletion 
derivative was designated pDK320. This plasmid was linear-
ized by KpnI, but was missing the 620 bp KpnI fragment (gel 
not shown). An EcoRI digest confirmed that the EcoRI insert 
was smaller by about 600 bp in pDK320 (gel not shown). The 
PvuII deletion derivative was designated pDK335. This 
plasmid was linearized by PvuII, and was missing the 147 bp 
PvuII fragment. An EcoRI digest confirmed that the EcoRI 
insert was smaller by about 180 bp in pDK335 (gel not 
shown). The inserts of these constructions are shown in 
Figures 4.6 and 5.3. 
The insert in pDK302 and the pKOl vector each carry a 
Hindlil site, allowing for deletion of a 770 bp Hindlil 
fragment carrying the right terminus of the insert. pDK340 
is the designated Hindlil deletion derivative, and C600K 
cells harboring this plasmid were red on MacConkey-gal-Ap 
plates. Both EcoRI and Hindlil linearize pDK340 and give a 
single band having a mobility consistent with the predicted 
value of 5500 bp (gels not shown). The insert of pDK340 
still carries a BaraHI and a BglII site, allowing a further 
deletion of the 971 bp BamHI-BglII fragment. This recom-
binant was designated pDK345 and was found to be linearized 
by EcoRI and Hindlil giving single bands consistent with a 
predicted size of 4520 bp (gels not shown). Both of the 
inserts of pDK340 and pDK345 are represented in Figures 4.5 
and 5.3. 
A.6 Cloning the 2.3 kb EcoRI fragment as a BamHI fragment 
Several of the available vectors in the pKO system 
utilize BamHI sites. This, plus the ease of constructing 
further useful deletion derivatives of the 2.3 kb EcoRI 
fragment, made it desirable to construct a slightly altered 
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fragment with BamHI ends. To accomplish this, pDK302 DNA 
was digested to completion with EcoRI and the 2.3 kb frag-
ment was isolated from an agarose gel. The purified frag-
ment was circularized by ligation in dilute solution, then 
the ligation mix was digested to completion with BamHI. 
These manipulations had the effect of moving the 104 bp 
EcoRI-BamHI fragment from the left terminus of the fragment 
to the right terminus, generating BamHI ends (see Figures 
4.5 and 5.3 for representations of these alterations). The 
rearranged fragment was then ligated with BamHI digested 
pK04. The ligation mix was transformed into C600K and 
cells were plated onto MacConkey-gal-Ap plates. Both red 
and white colonies were recovered. Recombinant plasmids 
were screened for BamHI insertions by restriction analysis 
of miniprep DNA. A plasmid designated pDK40 (red) was found 
to carry the 2.3 kb BamHI insert oriented in the same 
direction as ,1K. Orientation was shown by a Hindlil 
digest, giving fragments closely corresponding to the 
predicted values of 4550 and 1720 bp (see Figure A.4). An 
EcoRI digest (see Figure A.4) further confirmed that the 
insert in pDK40 is as shown in Figure 5.3. Another plasmid 
designated pDK41 (white) was found to carry the 2.3 kb BamHI 
insert in the opposite orientation. Orientation was shown 
by an EcoRI digest giving fragments consistent with the 
predicted values of 5860 and 420 bp (gel not shown). 
A.7 Construction of deletion derivatives of pDK40 
The insert in pDK40 carries 2 KpnI sites and 2 PvuII 
sites, allowing deletion of a 620 bp KpnI fragment and a 147 
bp PvuII fragment in a fashion similar to those deletions 
made in pDK302. The KpnI deletion derivative, designated 
pDK42, gave a single KpnI fragment of approximately 5660 bp, 
as predicted, and in comparison to a pDK40 KpnI digest, 
pDK42 showed no 620 bp KpnI band (gel not shown). BamHI 
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Figure A.4 
Restriction analysis: pDK40 
All fragment sizes are in kb.,Xc1857-HindIII size standards 
are shown on the right. Arrows mark recombinant fragments. 
Lanes: A: pDK40-BamHI; 	B: pDK40-EcoRI 
C: pDK40-HindIII E: ,\c1857-HindIII 
Lane A shows that pDK40 carries the rearranged 2.3 kb BamHI 
fragment in a pK04 vector, and lanes B and C confirm 












digestion of pDK42 gave fragments closely corresponding to 
the predicted sizes of 3990 and 1665 bp, confirming that the 
2.3 kb BainHi insert of pDK40 had lost a 620 bp KpnI fragment 
in pDK42 (gels not shown, see Figure 5.3). Finally, pDK42 
gave exactly the same BamHI restriction pattern as an EcoRI 
digest of pDK320, as expected (gel not shown). 
The PvuII deletion derivative, designated pDK43, was 
linearized by PvuII. A BamHI digest gave fragments closely 
corresponding to the predicted sizes of 3990 and 2140 bp, 
consistent with a deletion of the 147 bp PvuII fragment 
(gels not shown, see Figure 5.3). 
Whereas the EcoRI inserts in pKOl are upstream of the 
Hindlil site, pK04 BamHI inserts are downstream of that 
site. Therefore a Hindlil deletion derivative of pDK40 will 
preserve that portion of the insert (the 482 bp Hindill-
EcoRI segment) that was deleted in the pDK302 Hindlil 
derivative, pDK340 (see Figure 5,3). The Hindlil deletion 
derivative of pDK40, designated pDK44, was linearized both 
by Hindlil and BamHI, giving fragments consistent with the 
predicted size of 4550 bp. The pDK44 digest was also 
missing the 1724 bp Hindill fragment, as predicted (gels not 
shown) 
The BglII site internal to the BamHI insert in pDK40 
allows construction of 2 further deletion derivatives, 
removing each end of the insert. pDK40 DNA was partially 
digested with BamHI. Further digestion was carried to 
completion with BglII. These DNA fragments were religated 
in dilute solution, the ligation mix was transformed into 
C600K, and cells were plated onto MacConkey-gal-Ap 
plates. Both red and white colony phenotypes were re-
covered. Recombinants were screened for deletions with 
EcoRI restriction analysis of miniprep DNA. One recom-
binant, pDK45 (red), gave a restriction pattern consistent 
with deletion of the 971 bp BamHI-BglII fragment (see Figure 
5.3). pDK45 was linearized by BamHI, giving a single 
fragment closely corresponding to the predicted size of 5300 
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bp; it was cut by EcoRI to give 2 fragments closely corre-
sponding to the predicted sizes of 3780 and 1520 bp. 
Another recombinant, pDK315 (white), gave a restriction 
pattern consistent with deletion of the 1314 bp BglII-BamHI 
fragment. pDK315 was linearized by EcoRI, Hindill, BamHI, 
and PvuII, all giving single fragments closely corresponding 
to the predicted value of 4960 bp. In addition, a 
KpnI-PvuII double digest yielded a fragment of 890 bp, 
confirming the orientation of the BamHI-BglII fragment (gels 
not shown). These constructions are illustrated in Figure 
5.3. 
A.8 Cloning the 2.3 kb BamHI fragment into pHR9 
The 2.3 kb BamHI fragment, prepared as described in 
section A.6, was ligated with BamHI digested pHR9 (see 
Figure 5.4). The ligation mix was transformed into C600K 
and cells were plated onto MacConkey-gal--Ap plates. Both 
red and white transformants were recovered. Recombinants 
were screened for BamHI insertions by restriction analysis 
of miniprep DNA. The only recombinants recovered from this 
ligation were in the opposite orientation to ,1K, desig-
nated pDK111 (white). An EcoRI digest of pDK111 gave 
fragments closely corresponding to the values predicted for 
this orientation, 5860 and 1220 bp (gel not shown; con-
struction illustrated in Figure 5.5). 
pDK111 DNA was digested with BamHI and then religated 
in an effort to clone the insert in the same orientation as 
galK. The ligation mix was transformed into C600K and 
cells were plated onto MacConkey-gal-Ap plates. Both red 
and white transformants were recovered, but the red colonies 
showed 2 types of morphology: one type was typical of 
C600K(pHR9) at 37°C, the other type produced exception- 
ally small colonies. It was this second morphological class 
that carried a recombinant with the 2.3 kb BamHI insert in 
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Figure A.5 
Restriction analysis: pDK110 
All fragment sizes are in kb. XcI857-HindIII size standards 
are shown on the right. Arrows indicate recombinant 
fragments. 
Lanes: 	A: pDK110-BamHI 	 B: pDK110-EcoRI 
C: pDK110-HindIII E: c1857-HindIII 
Lane A shows that pDK110 carries the rearranged 2.3 kb BamHI 
fragment in a pHR9 vector, and lanes B and C confirm 
orientation. 
Figure A.6 
Restriction analysis: pDK112, pDK45, and pDK114 
Lanes: 	A: pDK114-EcoRI 	 B: pDK114-HindIII 
C: \cI857-HindIII D: pDK45-EcoRI 
E: pDK45-BamHI 	 F: pDK112-EcoRI 
G: pDK112-BamHI 
Lanes A and B show that pDK114 carries a single EcoRI and 
BamHI site. Lanes F and G show that pDK112 carries a single 
BamHI site, and is oriented as shown in Figure 5.3. 
FIGURE A.5 
 




















the same orientation as 321K, downstream from P gal  This 
construction was designated pDK110. A full plasmid prep was 
prepared for restriction analysis, with difficulty because 
cells harboring pDK110 grew poorly. Figure A,5 shows a 
restriction analysis of pDK110. A BamHI digest confirms 
that the 2.3 kb BamHI fragment is cloned into the 4795 bp 
vector. An EcoRI digest gives fragments closely correspond-
ing to the predicted values of 3780 and 3300 bp. A Hindlil 
digest also confirms this orientation with fragments of 5360 
and 1720 bp as predicted. 
Unfortunately, pDK110 was useless for its original 
purpose, which was to assay terminators, because of its 
deleterious effects on the cells that carry it. Chapter 7 
discusses this deleterious effect in more detail, but for 
the present task of subcloning the 2.3 kb fragment for 
terminator assays, it was deemed likely that overproduction 
of ftsA was responsible for this effect. Thus, subcloning 
the 2.3 kb BamHI fragment as BamHI-BglII fragments would 
destroy ftsA expression (see Figure 5.3, clones pDK45 and 
pDK315) and should allow readthrough from P gal  without 
harmful effect to the cell. BamHI-BglII deletions from 
pDK110 were not felt to be desirable because of the strong 
selection for mutations in pDK110. Accordingly, the cloning 
was done using a 2.3 kb BamHI fragment purified from pDK41 
(using the method described in section A,2). The purified 
BamEl fragment was digested to completion with BglII and 
ligated with BamHI digested pHR9. The ligation mix was 
transformed into C600K and cells were plated onto MacCon-
key-gal-Ap plates. Both red and white transformants were 
recovered. The white transformants were screened by re-
striction analysis for insertions. Both the 971 BamHI-BglII 
recombinant (designated pDK115) and the 1314 bp BglII-BamHI 
recombinant (designated pDK113) were recovered and found to 
carry their inserts in the opposite orientation to 	K. 
pDK113 gave a BamHI digest corresponding to the predicted 
single fragment size of 6110 bp. A Hindill digest gave 
106 
fragments closely corresponding to the predicted sizes of 
610 and 5500 bp and a BamHI-PstI double digest of 1870 and 
4240 bp. Both digests confirm the orientation of pDK113. 
pDK115 gave an EcoRI digest corresponding to the predicted 
single fragment size of 5780 bp. Orientation was confirmed 
with an EcoRI-BamHI double digest, giving fragments consis-
tent with the predicted sizes of 2090 and 3680 bp. 
None of the white colonies screened revealed the 
BamHI-BglII fragments cloned in the same orientation as 
galK. Colony hybridization was employed to simplify screen-
ing the numerous red colonies for these recombinants. 250 
APr colonies were patched out onto LB plates and nitro-
cellulose filters were prepared according to the method 
described in chapter 3. The purified 2,3 kb BamHI fragment 
was used as a probe. Several colonies bound the radioactive 
probe, and these were screened for insertions by EcoRI 
restriction analysis of miniprep DNA. Both the 971 bp 
BamHI-BglII and the 1314 bp BglII-BamHI fragments were 
recovered in the same orientation as JK (designated pDK114 
and pDK112, respectively, see Figure 5.5). Figure A.6 shows 
restriction analysis of these clones. A BainHI digest of 
pDK112 gave a single fragment corresponding to the predicted 
value of 6110 bp, and an EcoRI digest gave fragments consis-
tent with the predicted values of 2330 and 3780 bp, thereby 
confirming the orientation. Both EcoRI and BamHI digests of 
pDK114 gave the predicted single fragment size of 5780 bp. 
These constructions are illustrated in Figure 5.5. 
A.9 Cloning the 1.2 kb BamHI fragment into pHR9 
The 1.18 kb BamHI fragment was isolated as described 
in section A.2. The purified fragment was ligated with 
BamHI-digested pHR9, the ligation mix was transformed into 
C600K and cells were plated onto MacConkey-gal-Ap plates. 
Both red and white transformants were recovered. 
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Figure A.7 
Restriction analysis: pHR9, pDK100, pDK101, pDK20, pDK30, 
pDK31 
Band sizes are in kb. cI857 size standards are shown on the 
right. Arrows indicate recombinant phenotypes. 
 
Lanes: A: pHR9-BamHI 	B: pDK100-BamHI C: pDK101-BamHI 
D: pDK20-BamHI E: pDK30-BamHI 	F: pDK31-BamHI 
G: pK04-BamHI 	H:I857-HindIII 
Lanes B and C show that pDK100 and pDK101 both carry the 1.2 
kb BamHI fragment in the pHR9 vector. The other lanes show 
relationships between different vectors carrying the 1,2 kb 
BamHI insert. Partial digests are evident in lanes B, C, D, 
and F. 
 
Lanes: A: pDK100-PstI B: pDK101-PstI 	C: /\c 1857-HindIII 
Lanes A and B show that pDK100 and pDK101 both carry the 1.2 
kb BamHI fragment in the orientations shown in Figure 5.5. 
Partial digests are evident in lanes A and B. 
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FIGURE A.7 
Recombinants were screened for BamHI insertions by re-
striction analysis of miniprep DNA. A red colony was found 
to carry a recombinant with the insert in the same orien-
tation as galK, designated pDK100, and a white colony 
carried a recombinant with the insert in the opposite 
orientation, designated pDK101. Figure A.7 shows the 
restriction analysis results for pDK100 and pDK101. BamHI 
digestion of both recombinants yields the 4790 bp vector and 
the 1180 bp inserts, and the insert is seen to be the same 
size as that of pDK20, from which it was derived. PstI 
digestion of pDK100 yields fragments closely corresponding 
to the predicted sizes of 3720 and 2260 bp, while PstI 
digestion of pDK101 yields fragments consistent with the 
predicted sizes of 2670 and 3310 bp. Other restriction 
analysis of pDK100, including Hindill and EcoRl-Hindill 
double digestion, further confirmed the orientation of this 
insert (results not shown). These constructions are illus-
trated in Figure 5.5. 
A.10 Cloning into pHUB2 
pHUB2 (see Figure 6.1) is an expression vector that 
employs P L  for transcription of downstream inserts. It 
has convenient EcoRI and BainHI restriction sites for cloning 
the 2.3 kb EcoRI and the 1.18 kb BamHI fragments. See 
chapter 6 for the uses of these constructions. 
The 1.18 kb BarnHI fragment was isolated as described 
in section A.2. The purified fragment was ligated with 
BamHI digested pHtJB2, the ligation mix was transformed into 
a C600K AWt lysogen, and cells were plated onto NB-Kn 
plates. Transformants were screened for insertional inac-
tivation of the Tcr  gene by patching onto NB-Kn-Tc plates. 
KflrTCs transformants were screened by restriction 
analysis of miniprep DNA. Figure A.8 shows the results of 
BamHI and PstI digestion of 2 of the recombinants that were 
km 
Figure A.8 
Restriction analysis: pHUB2, pDK60, pDK20, pDK61, and pDK50 
All fragment sizes are in kb. >c1857 size standards are 
shown on the right. Arrows indicate recombinant fragments. 
Lanes: A: pHUB2-BamHI B: pDK60-BamHI C: pDK20-BamHI 
D: pDK61-BamHI 	E: pHUB2-PstI 	F: pDK60-PstI 
G: pDK61-PstI H: pDK50-BamHI-HindIII 
I: cI857-HindIII 
Lanes B and D'show that pDK60 and pDK61 both carry the 1.2 
kb BamHI fragment, and lanes F and G confirm their 
orientation as described in Chapter 6. 
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FIGURE A.8 
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recovered. The recombinant carrying the 1,18 kb BamHI 
fragment in the same orientation as transcription from 
was designated pDK60 and the recombinant with the insert in 
the opposite orientation was named pDK61. Both recombinants 
yield the 6.5 kb vector and the 1.2 kb insert on BamHI 
digestion, and this insert has the same mobility as that of 
pDK20, from which it was derived. PstI digestion of pDK60 
yields fragments closely corresponding in size to the 
predicted values of 2910 and 4770 bp. PstI digestion of 
pDK61 yields fragments consistent with the predicted values 
of 3320 and 4360 bp. In addition, a Sail digestion of pDK60 
further confirmed the orientation of the insert (results not 
shown) 
The 2.3 kb EcoRI fragment was cloned into pHUB2 in a 
similar fashion except that there was no selection for 
insertions as there was with the BamHI cloning. Recom-
binants were screened for insertion by restriction analysis 
of miniprep DNA, but, despite repeated attempts, only a few 
clones with 2.3 kb EcoRI insertions were obtained, and each 
of these fragments had the insert oriented in the same 
direction as P L  (designated pDK70, results not shown). 
This construction duplicated that of pNS23 by Neil Sullivan 
in our lab (Neil Sullivan, PhD thesis), and his clone was 
used in the - gene product experiment described in chapter 6. 
Vicky Derbyshire (personal communication) constructed a KpnI 
deletion on the 2.3 kb EcoRI insert of pNS23 to show that 
expression of the 2 unique gene products by pNS23 was 
destroyed by an internal deletion from the insert (see 
chapter 6). 
A.11 Cloning the 1,2 kb BamHI fragment upstream of the 2,2 
kb BamHI-EcoRI insert in pNS28 
Neil Sullivan constructed pNS28, a pK06 recombinant 
carrying the 2.2 kb BamHI-EcoRI fragment (Robinson et al., 
109 
1984) 	pNS28 has a single BamHI site near the N-terminus of 
ftsQ, and does not complement ftsQ. In an effort to clone 
into a high copy vector a fragment carrying both ftsQ and 
its promoter (see chapter 7 for a discussion of why this may 
be difficult), the 1.18 kb BamHI fragment was inserted into 
the BamHI site of pNS28. This was done by ligating BamEl 
digested pNS28 and pDK20 DNA, transforming the ligation mix 
into C600K, and plating the cells onto MacConkey-gal-Ap 
plates. Some red and many white colonies were recovered. 
Red colonies were patched onto NB-Ap-Cm plates to screen 
against ligation with the pBR325 vector of pDK20. About 
half of the recombinants were Ap'Cm5 , and these were 
screened for BamHI insertion by restriction analysis of 
miniprep DNA. Out of 78 ApCmS  recombinants screened, 
only 1 was found to carry the 1.18 kb BamHI insert. This 
recombinant was designated pDK81, and found to carry the 
insert in the opposite orientation from jK (and thus from 
ftsQ and ftsA). Orientation was confirmed by PstI and 
PstI-HindIII double digests, both which gave fragments 
consistent with the predicted values (results not shown). 
See chapter 7 for further information about this con-
struction. 
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The DNA sequence of a cloned segment of the Escherichia co/i chromosome containingftsQ, fisA, and part of 
the ftsZ gene was determined and interpreted for genetic complementation and promoter fusion data for the 
region. The contiguous genes ftsQ, fisA, and ftsZ were transcribed in the same direction (clockwise on the 
genetic map) and each had at least one associated promoter which allowed it to be transcribed independently of 
neighboring genes. fisA and fIsZ possessed promoters within the coding sequences of the juxtaposed upstream 
structural genes, and a promoter element for fisA was surrounded by a region of twofold symmetry which 
corresponded closely to a symmetrical element in the region of a putativeflsZ promoter. The structural gene of 
ftsQ consisted of 838 nucleotides, encoding a 276-residue amino acid polypeptide of molecular weight 31,400; 
the structural gene of fisA consisted of 1,260 nucleotides, encoding a 420-residue amino acid polypeptide of 
molecular weight 45,400. The observation that the termination codon offtsQ overlaps with a potential initiation 
codon for fisA suggested that these two genes may be translationally coupled when transcription is initiated 
upstream of the ftsQ coding sequence. 
Little is known about the molecular events which consti-
tute or control cell division in Escherichia coli. A genetic 
analysis of division mutants has resulted in the identification 
of genes specifically involved in the division process, and 
these studies have been aided, in recent years, by the 
introduction of in vitro recombination methodologies and the 
ability to transform cells with novel genetic constructions. 
Many genes that are involved in the morphogenesis and 
function of the E. coli cell envelope (13) are located in two 
clusters: one at 2 minutes and one at 14 minutes on the 
genetic map (1). The arrangement of genes in the 2-minute 
region is as follows: (mraA mraB) pbpB murE inurF murG 
murC ddl ftsQ ftsA ftsZ envA secA azi. A number of 
temperature-sensitive, filament-forming mutants (designated 
fts) have been isolated, and the mutations in many instances 
were found to map within this cluster (K. J. Begg, unpub-
lished data). Suchfts cells continue to grow but are unable to 
divide at the restrictive temperature. The essential cell 
division genes which are considered in this communication 
are ftsQ, fisA, and ftsZ (4, 25). Temperature-sensitive mu-
tants of ftsQ,ftsA, andftsZ form multinucleated filaments at 
restrictive temperatures, but there are differences in their 
phenotypes. Mutations inftsA result in filaments with inden-
tations along their length (presumably partially completed 
septa), whereas mutations in ftsQ and ftsZ result in the 
formation of filamentous cells with no such constrictions. 
Earlier work in this laboratory identified the product of the 
ftsA gene as a protein with a molecular weight of 50,000 as 
measured by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (24). It was demonstrated that if cell division 
* Corresponding author. 
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NC 27710. 
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Biochemistry. Yale University, New Haven, CT 06510. 
§ Present address: Department of Molecular Genetics, Research 
and Development, Smith, Kline and French Laboratories, Philadel-
phia, PA 19101.  
is to occur, synthesis of the ftsA protein is required dunn 
the 10- to 15-min period before the cells divide (12). It is nc 
known whether the synthesis of ftsA protein occurs through 
out the cell cycle or only during the period immediatel 
before division. There is some evidence (K. J. Begg, persor 
al communication) that synthesis of the ftsQ protein als 
may be required during this critical period, which prompt 
speculation as to whether the expression of these two gene 
may be coordinately regulated. 
Lutkenhaus (23) has recently shown that suIB is an allel 
of ftsZ and that the product of the JtsZ gene (which i 
required for an essential early step in division) is itself 
target for an inhibitor of cell division. This inhibitor i 
believed to be the product of the su/A(sfiA) gene (18) and i 
produced as part of the SOS response (22) in cells whic 
have suffered damage to their DNA. Lutkenhaus and W 
(26) reported that an element required for full fisZ expre 
sion appears to be located within the flsA  structural gent 
and Sullivan and Donachie (46) have shown that the fis, 
gene is preceded by at least two promoters. At least one c 
these was reported to lie within the coding sequence offtsA 
The DNA sequence reported in the present work permits u 
to identify putative promoters forftsQ,ftsA, and ftsZ and t 
confirm that the element required for full ftsZ expression lie 
within the ftsA structural gene. We also conclude that 
promoter or promoters forftsA must lie within the structur 
gene of ftsQ. 
MATERIALS AND METHODS 
Bacterial strains. E. co/i strains ED8654 (8) and NFS6 (4 
were used as hosts for plasmid constructions. E. coli JM10 
(28) was employed for growth of M13 phage and its recombi 
nants. Unless otherwise stated, cultures were routinel 
grown in L broth, which consists of Difco tryptone (10 
liter, Difco yeast extract (5 g/liter), and NaCl (5 glliter). 
Enzymes and biochemicals. Restriction enzymes, with th 
exception of BamHI and EcoRI, were purchased fror 
Bethesda Research Laboratories. Deoxynibonucleotide an 
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FIG. 1. Restriction enzyme cleavage sites and strategy for determining the sequence of the flsQftsA region. (a) Genetic map of X16-2 (25) 
showing cleavage sites for EcoRt (A), HindIti (•), and BarnHI (). (b) Restriction map of the 2.3-kb EcoRI fragment from the flsQf:sA 
region cloned into pBR325 (7). Restriction enzyme sites were determined as described in the text and verified by the established nucleotide 
sequence. The arrows beneath the map show the direction of sequencing and the length of the sequence determined. The broken arrow 
extending leftwards from the left-hand EcoRl site indicates sequence that was determined from an adjacent, overlapping BamHl fragment. 
The numbering of bases corresponds to that described in the legend to Fig. 4. 
(a) 
dideoxynbonucleotide triphosphates, DNA polymerase I 
(Klenow enzyme and Kornberg polymerase), calf intestinal 
phosphatase, polynucleotide kinase, and restriction endonu-
cleases BamHI and EcoRI were supplied by Boehringer 
Corp., Ltd. T4 DNA ligase was obtained from New England 
Biolabs. The [a- 32P]dCTP, [ct -32P]dTTP, [a-35 S]dATP (spe-
cific activities, >400 Ci/mmot), and [-y- 32P}ATP (specific 
activity, >5,000 Cilmmol) were purchased from Amersham 
International. 
DNA isolation and ligation. Covalently closed circular 
plasmid DNA was isolated from cleared lysates (21) and 
subsequently purified by two consecutive centrifugations in 
ethidium bromide-cesium chloride density gradients (9). 
Specific DNA restriction fragments were isolated by separa-
tion on 1% agarose gels in Tris-acetate buffer (5 mM sodium 
acetate, 1 mM EDTA, 40 mM Tris [pH 7.51, followed by 
electroelution into a solution of 5 mM Tris-2.5 mM sodium 
acetate. After dialysis against a low-salt buffer (0.2 M NaCI, 
1 mM EDTA, 20 mM Tris-hydrochloride [pH 7.4]), the DNA 
was concentrated by binding to an Elutip-d column (Schlei-
cher and Schuell), eluted in high-salt buffer (1.0 M NaCI, 1 
MM EDTA, 20 mM Tris-hydrochloride [pH 7.4]),  and etha-
nol precipitated. Ligations were carried out in buffer condi-
tions recommended by the manufacturer at 14°C overnight 
for fragments with protruding 5' or 3' ends and at 20°C 
overnight for fragments with blunt ends. Transformations  
were performed by conventional calcium heat shock proce-
dure. 
Construction of plasmids carrying cloned chromosomal 
fragments. A 2.3-kilobase (kb)-pair EcoRI restriction frag-
ment derived from phage X16-2 (25) was cloned into vector 
pBR325 (7). This plasmid was designated pGH4. This same 
2.3-kb fragment was inserted into the EcoRI cloning site of 
the pBR322 derivative pKO-6 (27) to give pNS27. pNS27 has 
the fragment oriented such that transcription initiated within 
it would also transcribe the galK gene of the pKO-6 vector 
(see Fig. 2). pNS27 was in turn used to construct pNS28 (by 
deletion of a BamHI fragment), pNS29 (by deletion of a 
BamHI-Bg/lI fragment from pNS27), and pNS30 (by dele-
tion of a HindIII fragment from pNS27). pNS54 was ob-
tained by deleting a HindIII-EcoRI fragment from pNS29. 
Both pGH300 and pDK302 carry the same 2.3-kb EcoRI 
fragment as does pNS27, but in these cases inserted into the 
EcoRI cloning site of pK0-1 (27). pDK302 carries this 
chromosomal insert in the same orientation as pNS27 does, 
but pGH300 carries it in the reverse orientation (see Fig. 2). 
pGH300 was used to construct pNS45 (by deletion of a 
HindIll fragment). pDK302 was used to produce pNS36 and 
pNS37 (by PvuII and SmaI digestion) and pDK340 (by 
Hindu! digestion). pGH301, which contains the same chro-
mosomal insert as pDK302 does, was used to construct 
pGH305 (by BamHI and BglII digestion), pGH360 (by Kpnl 
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FIG. 2. Location of coding sequences and promoters within theftsQftsA ftsZ region. Top, locations of restriction sites used for plasmic 
constructions. Horizontal lines beneath the map denote fragments cloned into pKO vectors upstream of ga/K. At one end of each insert is ar 
arrowhead which shows the orientation of the fragment relative to the ga/K coding sequence in the complete plasmid (see the text foi 
construction details). The columns to the right of the figure show the results of the tests for promoter activity (column 1) and gene functior 
(columns 2 and 3). Column 1, galK cells carrying the plasmid which form red (+) or white (—) colonies on galactose indicator plates; column 
2 and 3, positive or negative plasmid complementation of temperature-sensitive mutants of the gene. Normal gene function is defined as botl 
the ability to form colonies on plates at the restrictive temperature and to allow normal growth and morphology of the cells at thi: 
temperature. Bottom, locations of the coding sequences of the genes as determined from this data and the nucleotide sequence of the regioi 
(see the legend to Fig. 4). 
digestion), and pGH370 (by Ps'uIl digestion). pNS20 (data 
not shown) again carries the same 2.3-kb EcoRl fragment as 
pNS27 does, but cloned into the EcoRI site of pK04 (27). 
pNS20 was used to construct pNS22 (by BamHl digestion). 
Restriction mapping and DNA sequencing. The restriction 
enzyme map of pGH4 was determined by the use of partial 
restriction enzyme digests of singly 5' 32P-labeled DNA 
fragments (40). Restriction fragments from the 2.3-kb EcoRI 
fragment and an overlapping upstream 1.2-kb Ba,nHl frag-
ment, derived from phage X16-2, were subcloned into phage 
vectors M13mp7, M13mp8, and M13mp9 (28, 29). Radioac-
tive probes were prepared by DNA nick translation in the 
presence of [ct- 32 P]dCTP by the method of Rigby et al. (34), 
and phage plaques were screened after blotting onto nitrocel-
lulose filters (5). The recombinants were sequenced by the 
dideoxy chain termination method of Sanger et al. (36, 37). 
Initially, all sequencing reactions were carried out with 12p_ 
labeled deoxynucleotide triphosphates. Subsequently, [a-
35 S]dATP was employed for all reactions (6). Reverse se-
quencing was carried out by the method of Hong (16). 
Computer analysis of DNA sequence data employed pro- 
grams developed by Staden (41-43) and Devereux et al. (11) 
Genetic tests for gene expression. Plasmids to be testei 
were introduced by transformation into either TOE. 
ftsQ(Ts) (4) or TOE-13fisAI3(Ts)  (K. J. Begg, unpublishe 
data). Transformants were selected for ampicillin resistanc 
at 30°C (27). Individual colonies were streaked for purific 
tion and then checked for the presence of plasmid DNA c 
the expected size and restriction pattern. Single colonic 
were then either inoculated into Oxoid nutrient broth an 
grown to an optical density at 540 nm of 0.2 at 30°C befor 
shifting to 42°C or patched onto solid medium and incubate 
at either 30 or 42°C. Expression of cloned wild-type allek 
was judged by the growth of cells of normal rod shape after 
to 3 generations at 42 °C in liquid medium and by t 
formation of colonies on solid medium after overhigi 
growth at 42°C. In the absence of wild-type gene expressic 
from the cloned DNA, thefts mutant strains at 42°C formt 
populations of.long filamentoUs cells (4, 12). None of ti 
mutant strains formed colonies on plates at 42°C. 
Tests for the presence of promoters on cloned DNA fra 
ments. Assay for the presence of transcriptional promote 
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FIG. 3. Chromosomal segments cloned between Pga/ and ga/K to test for the presence of transcriptional terminators. Top, restriction site 
in the chromosomal DNA as described in the legend to Fig. 2; bottom, location of coding sequences. The horizontal lines beneath the ma 
show the extent of cloned inserts, and the arrowheads show their orientation relative to the ga/K coding sequence. The plasmid designation 
are shown on the left; those designations shown in parentheses refer to the same chromosomal segment cloned into pKO-4. The shoi 
rightward extension beyond the right-hand EcoRl site is the ca. 100-base-pair EcoRl-BumHl chromosomal segment covering the start offtsç 
See the text for details of these constructions. 
on chromosomal fragments cloned into pKO vectors was 
carried out as described in the procedures of McKenny et al. 
(27). The vectbrs constructed by these authors and em-
ployed in the present work (pK0-1, pK04, and pKO-6) 
each contain three unique restriction sites for cloning. These 
sites vary in different pKO plasmids, but they are located at 
the same relative positions: EcoRI, Hindu!, and Smal in 
pK0-1; EcoRI, Hind!!!, and BamHI in pK04; BamHI, 
Hindu!, and EcoRI in pKO-6. The cloning sites are located 
in the plasmid such that transcription originating within 
DNA which has been cloned in the correct orientation in one 
of these locations will also transcribe a ga/K coding se-
quence in the plasmid. To prevent possible translational 
coupling between transcripts originating in cloned DNA and 
ga/K, translational stop codons have been inserted upstream 
of ga/K in all three reading frames, and polar effects on the 
translation of ga/K have been minimized by the inclusion of 
a 1507 base-pair leader sequence which contains a ribosome 
binding site (38, 45); The presence of a correctly oriented 
promoter in a cloned segment gives rise to the Gal pheno-
type (red colonies on McConkey agar-galactose indicator 
plates) after transformation of E. cO/i C600 ga!K (46), 
whereas Gal colonies are white. Galactokinase activities 
were also measured directly for all constructs by the meth-
ods of McKenney et al. (27). Those constructs which gave 
rise to red colonies were found to have consistently higher 
galactokinase activities compared with controls (data not 
shown). 
Tests for the presence of terminators on cloned DNA 
fragments. Plasmid pHR9 (30) is a derivative of pK04 which 
carries the EcoRI-(gal promoter)-Hind!lI fragment from the 
terminator-monitoring plasmid pKG 1800 (27). Expression of 
ga/K in pHR9 is therefore dependent On transcription initiat-
ed at the gal promoter (Pga/). Insertion of fragments bearing 
transcriptiOnal terminators between this promoter and the 
ga/K gene results in a reduction of ga/K expression and 
permits a quantitative estimate to be made of the extent of 
transcriptional readthrough. A search for the presence of 
transcriptional terminators within the ftsQ ftsA ftsZ region 
was made by performing the following constructions (see 
Fig. 3). The 2.3-kb EcoRI fragment was first purified, ligated 
to form a circle, and then cut with BarnHI. The resulting  
fragment with BamHI cohesive termini was inserted mt 
pHR9 at the Barn site between Pga/ and ga/K. Two clone 
(pDK110 and pDK111) were selected with this insert in th 
two possible orientations. pDK111 was digested wit 
BarnH! and BglII and religated to give pDK112, pDK113 
pDK114, and pDK115. A complication in these construc 
tions is that fragments from the Its Q-ftsZ region themselve 
carry promoters which are capable of expressing ga/K (se 
Fig. 2). An estimate of the extent of readthrough from Pgi 
therefore requires a quantitative measurement of galactokin 
ase activities in pairs of plasmids containing the sam 
chromosomal fragments, in the same position relative t 
ga/K, but with only one of the pair possessing an upstrear 
Pga/. This was achieved by cloning the equivalent restrictio] 
fragment into pK04 (from which pHR9 is derived). Th 
pairs of plasmids constructed are as follows (the pHR 
derivative is given first, and the pKO-4 derivative is give] 
second): pDK110 and pDK40, pDK114 and pDK315, an 
pDK112 and pDK45. Galactokinase activities were mea 
sured in E. co/i C600 ga/K cells (46) and expressed as 
percentage of the activity determined for pHR9-carryin 
cells. The relative amount of transcriptional readthrough i 
each cloned fragment was calculated as the difference be 
tween the galactokinase activities found in cells carrying th 
fragment in the same orientation in pHR9 and pK04 vec 
tors. 
RESULTS 
Restriction mapping, genetic complementation tests, an 
identification of DNA fragments bearing transcriptional pre 
moters. A physical map of the 2.3-kb EcoRI fragment wa 
constructed for the enzymes BarnHI, Bg/II, HinclI, Hind!!] 
KpnI, MspI, PvuII, and Sau3AI (Fig. 1). Figure 2 shows th 
locations and extents of the sequences subc!oned from th 
2.3-kb fragment into pKO vector plasmids. The ability c 
specific restriction fragments to complement mutations at 
chromosomal locus was tested by introducing each plasmi 
into host cells carrying a temperature-sensitive allele of th 
appropriate gene on the chromosome and by determinin 
whether these cells were normal sized and able to forr 
colonies at the restrictive temperature of 42°C. Mutant cell 
550 	ROBINSON ET AL. 	
J. BACTERIOL. 
carrying a particular plasmid showed either the typical 
mutant phenotype at 42°C or apparently normal cell growth 
and division (Fig. 2). 
The coding sequence forftsQ can be assigned to lie within 
the EcoRI-PvuII segment carried by pNS36 (position 0 to 
position 970), but its expression depends upon the orienta-
tion of the cloned segment in the plasmid (compare pDK302 
with pGH300). ftsQ(Ts) cells carrying pDK302 exhibited a 
wild-type phenotype at 42°C, and such cells carrying 
pGH300 exhibited the typical ftsQ(Ts) mutant phenotype. 
These results suggested that ftsQ was probably being tran-
scribed (from left to right [Fig. 21) by readthrough transcrip-
tion from the P4 promoter of the pKO vector (27). To 
investigate this possibility, the plasmid pNS27 was con-
structed in which the 2.3-kb fragment was cloned into the 
EcoRI site of pKO-6 rather than the EcoRI site of pKO-1, as 
in pDK302 and pGH300. The difference between the two 
kinds of constructions lies in the location of a weak termina-
tor sequence (27) relative to the cloned EcoRI fragment. In 
pDK302 and pGH300, this terminator lies between the 
cloned segment and ga/K and therefore does not affect 
readthrough transcription from the plasmid P4 promoter into 
the cloned Segment. In pNS27, this terminator lies upstream 
of the cloned insert, i.e., between the ftsQ coding sequence 
and the P4 promoter. pNS27 does not show expression of 
JisQ, thereby showing that the ftsQ sequence on the 2.3-kb 
fragment was being expressed from this plasmid promoter. 
The maximum size of the ftsA functional unit defined by 
deletion derivatives was shown to be the 2.2-kb BamHI-
EcoRI sequence carried by pNS28, and the minimum size 
must be greater than 900 base pairs (including the sequence 
between the KpnI site at position 900 and the HindlIl site at 
position 1800). Since neither the orientation of the 2.3-kb 
fragment, as in pDK302 and pGH300, nor the presence of an 
upstream terminator, as in pNS27, has any effect on fisA 
expression, we concluded that this segment includes a 
promoter capable of expressing ftsA. This finding is consis-
tent with the ability of phage XJFL41 (26), which carries the 
2.3-kb EcoRI fragment, to complement mutations inftsA. 
The plasmids shown in Fig. 2 were also used to locate 
promoter sites and to determine the directions of transcrip-
tion originating at these sites. The genetic evidence dis-
cussed above clearly demonstrates the existence of a pro-
moter capable of expressing ftsA which must lie within the 
2.2-kb BarnHl-EcoRI fragment (pNS28). In addition, the 
reported molecular weight of the ftsA protein of 50,000 (24) 
requires that promoter activity lie either within the 800-base-
pair BamII-Kpnl fragment (position 100 to position 900) and 
transcribe from left to right or within' the 500-base-pair 
IiindlIl-EcoRl fragment (position 1800 to position 2300) and 
transcribe from right to left. The analysis of the nucleotide 
sequence reported below shows thatftsA is transcribed frOm 
left to right; hence, the promoter which is responsible for 
usA expression should be carried by pNS36. A very low 
level of transcription attributable to this region has been 
reported previously (46). Although this level is not sufficient 
to give Gal phenotype on indicator plates, it is evidently 
sufficient to complement anftsA mutation (Fig. 2). The fact 
that we were unable to detect this clearly by ga/K expression 
may be attributed to the limited sensitivity of that method of 
detection. 
The identification of promoter activity upstream of the 
ftsZ coding sequence (pNS29, pNS30, and pNS54) has been 
reported elsewhere (46), but these results are included in 
Fig. 2, for completeness. Promoter activity is associated 
with the 720-base-pair Bg!ll-HindIII fragment (pNS54) and 
TABLE 1. Transcription from PgaI through cloned segments of 
the ftsQ to ftsZ  region  








pHR9 100 100 
pDK315 pK04 3 48 pDK114 pHR9 51 
pDK115 pHR9 0 0 
pDK45 pK04 32 
pDK112 pHR9 59 27 
pDK113 pHR9 0 0 
pDK40 pK04 35 ND 
pDK11O pHR9 ND ND 
pDK111 pHR9 0 0 
Restriction fragments (Fig. 3) were cloned into pKO4 in the correct 
orientation to transcribe the ga/K gene in the plasmid, and the same fragments 
were also inserted, in both orientations, into the BamHl site of pHR9. See the 
text and legend to Fig. 3 for details of Constructions and for calculation of 
percentage of readthrough transcription. ND, Not determined. 
the 500-base-pair HindIII-EcoRI fragment (pNS30). Tran-
scription is from left to right in both cases (Fig. 2). 
Transcriptional termination. A search was carried out for 
the presence of transcriptional terminators by cloning re-
striction fragments into the BamHI site of pHR9 and pKO-4 
(Fig. 3). The results (Table 1) show that the extent of 
readthrough transcription from the BamHI site to the BglII 
site (clones pDK114) and pDK315) was 48%, and from the 
BgIIl site to the BamHI site (clones pDK112 and pDK45) 
was 27%, when the fragments were oriented such that any 
internal promoters would initiate transcription towards 
ga/K. When these same fragments or the entire 2.3-kb 
fragment were inserted in the opposite orientation, as in 
pDK115, pDK113, and pDK111, no expression of ga/K was 
detectable. No role for transcriptional termination in the 
anti-clockwise sense was evident, since all downstream 
promoters (in the ftsZ  envA secA region) have been found to 
initiate transcription in the clockwise sense (31; Sullivan and 
Donachie, submitted for publication). 
It was impossible to test for the extent of transcriptional 
readthrough in the clockwise sense for the whole 2.3-kb 
fragment (covering the ftsQ-ftsZ' sequence) because cells 
carrying this fragment cloned downstream of Pga/ grew very 
poorly when the chromosomal fragment was oriented such 
that Pgal would transcribe the coding sequences within it (as 
in pDK11O; Fig. 3). Since the fzsQ coding sequence was 
interrupted by the rearrangement necessary to insert the 2.3-
kb fragment into pHR9, and since neither pDK112 nor 
pDK114 (which do not carry an intactftsA coding sequence) 
had deleterious effects on cell growth, the effect with 
pDK116 might be attributable to overexpression of ftsA by 
Pga/. In contrast, pDK111 (which carries the same 23-kb 
fragment as pDK110 does, but in the opposite orientation) 
had no effect on cell growth but was capable of complement-
ing a chromosomal ftsA.ts mutation. Opposing transcription 
initiated at Pga/ does not, therefore, prevent expression of 
ftsA from its own promoter (internal to ftsQ), despite the 
apparently low levels of transcription from this promoter 
(see above). 
DNA nucleotide sequence and assignment of open reading 
frames. The strategy used for sequencing the 2.3-kb EcoRI 
fragment (and part of the overlapping upstream 1.2-kb 
BamHI fragment) is shown in Fig. 1. With the exception of 
______ 	 ______ -100 
TTATCTGCTGGAAGCCAATA&TCACCGiiGACCGCCACAGCCGATGGCGGCACGTCAGGCAGGTATGAGCTTCTCGCAGTTGGTA(jTAC 0 




MetSerGl nAl aM aLeuAsnlhrArgAsnSer(.fl uGi uGi uVal SerSerAryArgAsnAsnGlylhrArgLeu 
BarnS!. 
200 





LeuVaILeuThrGyGuAryHiSTyrThrArgAsnAspASpI1eArgG1 nSerI1eLeuMaLeuGyGuProGyThrPheMetThrG1 nAspVal 
400 




LeuTyrGlyProGl uGlySerAl aAsnGl uValLeuGi nGlyTyrArgGluMetGlyGl nMetLeuAlaLysAspArgPhelhrLeuLysGluA1 aAla 
700 
MetlhrM aArgArgSerlrpGlnLeulhrLeuAsnAsnAsplleLysLeuAsnLeuGlyArgGlyAsplhrMetLysArgLeuAlaArgPheValGlu 
_______ ______ 800 
LeuTyrProVal LeuGl nGl nGlnAl aGlnThrAspGlyLysArglleSerlyrVdlAspLeuArglyrAspSerGlyAlaMaValGlylrpMaproLeu 
GCCGCCAGAGGAATCTACTCAGCAACAAAATCAGGCACAGCA 8CCAATGATCAAGGCGACGGACAGAAAACTGGTAGTAGGACTGGAGATTGGTA 900 
proProGluGluSerThrGlnGlnGlnAsnGlnAlaGlnAlaGluGlnGln 
MetI 1 eLysAl aThrAspArgLysLeuVal Val GlyLeuGl ul 1 eGly 
KpnI PvuII 
GCGAAGGTTGCCGCTTTAGTAGGGGAAGTTCTGCCCGACGGTATGGTCAATATCATTGGCGTGGGCAdTGCCCGTCGCGTGGTATGGATAMGGCGG 1000 
• 	 • 	 • 	 • 	 • 	 • 	gllI. 
GGTGAACGACCTCGAATCCGTGGTCAAGTGCGTACAACGCGCCATTGACCAGGCAGAATTGATGGCAGATTGTCATCTCTTCGGTATATCTGGCGCTT 1100 
Val AsnAspLeuGluSerValVal LysCysVa1Gl nArgAlaIleAspGl nAl aGl uLeuMetAl aAspCysGl nhleSerSerVallyrLeuAlaLeu 
• 	PvuII 	 • 	 • 	 • 	 • 	 • 
1200 





GlnLeuIlePheAlaGlyLeuAlaSerSerTyrSerValLeuThrGIuAspGluArgGluLeuGlyValCysValVal Asp IleGlyGlyGlyThrMet 
	
- 	- 	 -_-• • 
______ _______ 1600 
1700 
ProSerAspPdaG uAl a! leLysValArgHi sGlyCysAlaLeuGlySerIIeValGlyLysAspGluSerValGluValProSerValGlyG)yArg 
1800 
ProProArgSerLeuGlnArgGlnThrLeuAlaGluVallleGluProArglyrlhrGluLeuLeuAsnLeuValAsnGluGlulleLcuGlnLeuGln 




Hi slyrGlyLysGluSerHi sLeuAsnGlyGluAlaG)uValGluLysAryVal ThrAl aSerValGlySerlrpi leLysArgLeuAsnSerTrpLeu 
• 	 • 	 • 	 • 	 • 	 • 
______ 2200 




FIG. 4. DNA nucleotide sequence of the noncoding strand of the ftsQfisA  ftsZ region. The amino acid sequences deduced for the products 
offssQ (nucleotides 25 to 852),ftsA (nucleotides 852 to 2111), and fisZ (nucleotide 2175 onwards) are shown beneath the sequence. Bases are 
numbered arbitrarily from the left-hand EcoRl site of the 2.3 - kb EcoR! fragment (see Fig. 1). Putative promoter sequences are shown in boxes 
(see Table 2), and inverted repeat sequences are overlined with arrows. Bases upstream of ATG codons which match the consensus for 
bosome binding are underlined. The cutting sites for the restriction enzymes shown in Fig. 2 and 3 are also depicted. 
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the 200 bases immediately upstream of the left-hand EcoRI 
site, the sequence of the entire region was determined in 
both orientations from recombinant M13 phage generated by 
random cloning of restriction fragments and forced cloning 
of specific restriction fragments where necessary. 
The nucleotide sequence of 2,490 base pairs thus deter-
mined was numbered arbitrarily from the left-hand EcoRI 
site (Fig. 4). Analysis of this sequence for potential polypep-
tide coding regions showed that it contains two large open 
translational reading frames, both of which are in the left-to-
right sense (clockwise on the E. coil genetic map). The first 
possible initiation codons for these large open reading 
frames were at nucleotides 25 to 27 and 852 to 854. The first 
frame, which from the genetic complementation data must 
correspond to the structural gene of ftsQ, coded for a protein 
of 276 amino acid residues with a calculated molecular 
weight of 31,400 and was terminated by the nonsense triplet 
TGA (nucleotides 853 to 855). The first potential translation-
al initiation codon of the second large open reading frame 
was found to overlap with the termination codon of the 
upstream ftsQ reading frame. The second frame coded for a 
420-residue amino acid protein with a calculated molecular 
weight of 45,400 and was terminated by the nonsense triplet 
TAA at nucleotides 2112 to 2114. This must correspond to 
the structural gene of ftsA.  The ATG codon at position 25 is 
immediately preceded by a sequence showing strong homol-
ogy to a ribosome binding site (38, 45). We concluded that 
this was the probable start site forftsQ translation since this 
was the only ATO codon within the proposed flsQ structural 
gene which showed such homology. There was no close 
adherence to the consensus of preferred bases for ribosome 
binding upstream of the ATG codon at position 852, although 
this was not surprising, given the constraints imposed upon 
this sequence by its being within the upstream structural 
gene. An inspection of the sequences immediately preceding 
the other seven ATG codons within this open reading frame 
revealed less homology to the consensus than that found 
upstream of position 852. We concluded that this was the 
probable start site forfisA translation. The 10% discrepancy 
between the calculated molecular weight of theftsA  product 
(see Table 4), determined from the deduced amino acid 
sequence, and the molecular weight determined by gel 
electrophoresis (24) might be due to anomalous migration (2) 
of this protein on sodium dodecyl sulfate-polyacrylamide 
gels. 
Ward and Lutkenhaus (47) reported the isolation of an in-
frame lacZ-ftsZ gene fusion and showed that the ftsZ  coding 
sequence begins within the 2.3-kb EcoRI fragment. An 
inspection of the DNA sequence downstream of the termina-
tion codon TAA (nucleotides 2112 to 2114) of the proposed 
fisA structural gene revealed only one open reading frame 
which extends to the EcoRI site. Since the ATG codon at 
position 2175 was preceded by a sequence showing a strong 
resemblance to a ribosome binding site, we concluded that 
this was the probable translational start site for the ftsZ 
structural gene. 
Identification of potential transcriptional regulatory se-
quences. The nucleotide sequence was analyzed for se-
quences known to be involved in interactions with RNA 
polymerase and which are well conserved in promoters of E. 
co/i genes (15, 35). A total of six possible promoters were 
identified from consensus considerations and their respec-
tive —10 and —35 are shown in Table 2. Their locations and 
orientation (all in the clockwise sense) were in full agreement 
with genetic complementation and promoter fusion data, and 
in all cases the separation of the —35 and —10 regions was 
TABLE 2. Comparison of —35 and —10 regions of putative 
promoters for ftsQ,fisA, and fzsZ with consensus sequences for 
E. coli promoter' 
Sequence 	 Separation 
Promoter 	 (base 
—35 	 —10 	 pairs) 
ftsQp j TT'GCAA TATGCT" 8 20 
ftsAp 1 1TGCGT TAGGCT7 ° 19 
lisA P2 T1'GCGC TATGGT437 16 
ftsZp i TFGGCT T'ITFAT212 ' 17 
ftsZp2 TTGCAG 1TFCAT 1910 17 
ftsZp 3 T1'GCGC TATGCT' 556 18 
Consensus TTGACA TATRAT 17 
The separation of these two regions is also shown, since this is known to 
influence promoter efficiency (44). The position of the conserved T of the —10 
sequence is given as a superscript. R, Purine. 
within the range of 15 to 21 base pairs observed for other E. 
co/i promoters (15). 
A potential promoter was identified upstream of the 
presumed start site for translation offtsQ and was designat-
ed ftsQ P 1 . Since the genetic evidence described above 
demonstrated that ftsA was able to be expressed indepen-
dently of neighboring genes in this cluster, a search was 
made for promoter-like elements upstream of ftsA (i.e., 
within the ftsQ structural gene). Two potential promoters 
were identified and designated f:sAp 1 and ftsAp 2 . The ftsA 
P2  promoter sequence was of particular interest since it was 
surrounded by extensive regions of twofold symmetry and 
followed by a decanucleotide sequence, TGCCGCCAGA 
(nucleotides 464 to 473), which was repeated 10 nucleotides 
downstream from the —10 region offisAp 1 (nucleotides 800 
to 809). 
Lutkenhaus et al. (25) and Lutkenhaus and Wu (26) 
previously located the ftsZ gene betweenfisA and envA and 
inferred its direction of transcription to be in the same sense 
as that of f isA (i.e., clockwise on the E. coil genetic map). 
They found that expression of the ftsZ gene product from a 
phage that carried only a 3.5-kb HindIII fragment (A envA) 
was weak. This is the region downstream from the Hindlil 
site (nucleotides 1803 to 1808) within the structural gene of 
ftsA. Furthermore, the addition of bacterial DNA upstream 
of the HindIll site was found to restore expression to normal 
levels, which suggests that some element required for full 
ftsZ expression might be located within the ftsA structural 
gene. Since both the 487-base-pair Hindlll-EcoRI fragment 
(nucleotides 1804 to 2290) and the 727-base-pair Bgill-
HindIH fragment (nucleotides 1076 to 1803) showed promot-
er activity in the left-to-right sense (46), a search was made 
for consensus promoter sequences in these fragments. Three 
putative promoters (designated ftsZp 1 , ftsZp 2 , and ftsZp 3 ) 
were identified, all of which were located within the pro-
posed fisA coding sequence. This designation supercedes 
that given previously (46). Both ftsZp i and fIsZp2 were 
associated with twofold symmetry, and an unusual 17-base 
sequence of alternating purine-pyrimidine residues, which 
encompassed a region of twofold symmetry, overlapped the 
—10 sequence of ftsZp 2 . A region of twofold symmetry was 
again found to be coincident with the only promoter-like 
element, which is upstream of the Hindill site, within the 
structural gene of.ftsA. This putative promoter is designated 
ftsZp 3 . A comparison of the inverted repeat sequences 
within the regions of ftsAp 2 and ftsZp 3 revealed a strong 
degree of correspondence: of the 13 base pairs that surround 
thecenters of symmetry, 11 were identical. There are no 
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TABLE 3. Codon usage inftsQ and fisA 
Codon usage 	 Codon usage 
Amino 	Codon 	in 	
Amino 	Codon 	in 
acid acid 
ftsQ 	fisA 	 ftsQ 	ftsA 
Giy 000 2 7 Trp UGG 7 2 
Giy GGA 3 5 End UGA 0 0 
City OGU 3 18 Cys UGU 0 5 
Giy GGC 9 10 Cys UGC. 0 4 
Giu GAG 3 11 End UAG 1 0 
Glu GAA 16 22 End UAA 0 1 
Asp GAU 9 11 Tyr UAU 5 11 
Asp GAC 4 7 Tyr UAC 2 1 
Val GUG 9 19 Leu UUG 10 6 
Val GUA 3 11 Leu UUA 2 3 
Val GUU 5 10 Phe UUU 3 4 
Val GUC 3 10 Phe UUC 2 0 
Ala GCG 10 12 Ser UCG 2 7 
3 	Ala GCA 5 10 Ser UCA 1 3 
Ala GCU 3 6 Ser UCU 4 3 
Ala 0CC 1 7 Ser UCC 1 2 
Arg AGO 0 0 Arg COG 5 3 
Arg AGA 2 1 Arg CGA 1 2 
Ser AGU 0 4 Arg CGU 5 9 
Ser AGC 7 5 Arg CGC 8 7 
Lys AAG 8 8 Gin CAG 16 11 
Lys AAA 2 13 Gin CAA 9 8 
Asn AAU 9 5 His CAU 3 6 
Asn AAC 4 8 His CAC 0 7 
Met AUG 9 8 Leu CUG 13 18 
Ile AUA 1 2 Leu CUA 0 0 
Ile AUU 5 10 Leu CUU 4 6 
Ile AUC 5 16 Leu CUC 2 3 
Thr ACG 6 7 Pro CCG 8 9 
Thr ACA 2 4 Pro CCA 3 2 
Thr ACU 2 1 Pro 
Pro 
 CCU 1 2 
Thr ACC 8 7 C 1 1 
recognizable transcriptional terminators (33) in the entire 
region of the sequence (Fig. 4). 
Codon usage and amino acid composition of fsQ and fisA 
proteins. Codon usage inftsQ and ftsA is shown in Table 3. 
The following codons, corresponding to weakly interacting 
or minor tRNAs (19; reviewed by Grosjean and Fiers [141), 
occurred very infrequently or not at all in both ftsQ and fisA: 
CUA for leucine, AUA for isoleucine, and CGA/AGA/AGG 
for arginine. In accordance with the general trend for effi-
ciently expressed genes of E. coil, the following codons were 
found to predominate: CUG for leucine, GGPy (Py is 
pyrimidine) for glycine, AUPy for isoleucine, CCG for 
proiine, GCG for alanine, GAA for giutamine, and COPy for 
arginine. Exceptions to the trend were found inftsQ (use of 
AAG for lysine rather than AAA, and AAU for asparagine 
rather than AAC). Both fisQ and ftsA showed a predominant 
use of the UAU codon for tyrosine, whereas the trend for 
highly expressed genes was to favor UAC, and both genes 
utilized the CGG codon for arginine (which corresponds to a 
minor tRNA species). 
The amino acid composition of the predicted fIsQ and ftsA 
proteins is shown in Table 4, together with the calculated 
average composition of E. coil proteins (10). No significant 
differences are apparent in either case. 
DISCUSSION 
The results reported here identify the coding sequences 
for the essential cell division genes ftsQ and ftsA, together 
with part of theftsZ gene. All of the DNA sequence shown in 
Fig. 4, with the exception of the 200 bases immediately 
upstream of the EcoRI site at position 1, was determined in 
both orientations from overlapping clones to avoid potential 
errors. Owing to technical difficulties, such as stacking of 
DNA fragments on gels, it is important to apply several 
criteria in judging the validity of lengthy nucleotide se-
quences. If portions of a DNA sequence are translated in an 
incorrect frame, then regions with many uncommon amino 
acids are found, even if no nonsense codon is encountered. 
The open reading frames assigned to ftsQ, ftsA, and ftsZ 
contain no detectable regions of this sort. Termination 
codons are found to be distributed uniformly throughout the 
alternative reading frames (data not shown). Furthermore, 
an analysis of codon usage in ftsQ, fisA, and the N-terminal 
part of the ftsZ gene shows a codon preference associated 
with efficient gene expression in E. coli (14). The amino-
terminal sequences of the ftsQ,ftsA, and ftsZ proteins, and 
hence the positions of translational starts, are unknown. 
However, an analysis of the genetic data (Fig. 2) and DNA 
sequence (Fig. 4) permits the identification of structural 
genes and potential ribosome binding sites associated with 
translational start codons. 
The observation that the termination codon TGA offtsQ 
overlaps with a potential initiation codon for the ftsA gene 
suggests that these two genes may be translationally cou-
pled. Translational coupling in E. co/i has previously been 















E. ( .011 
(% of 
tota l )"  
Alanine 19 6.9 35 8.3 8.6 
Arginine 21 7.6 22 5.2 4.9 
Aspartic acid 13 4.7 18 4.3 5.5 
Asparagine 13 4.7 13 3.1 4.3 
Cysteine 0 0.0 9 2.1 2.9 
Glutamic acid 19 6.9 33 7.9 6.0 
Glutamine 25 9.1 19 4.5 3.9 
Glycine . 	17 6.2 40 9.5 8.4 
Histidine 3 1.1 13 3.1 2.0 
Isoleucine 11 4.0 28 6.7 4.5 
Leucine 31 11.2- 36 8.6 7.4 
Lysine 10 3.6 21 5.0 6.6 
Methionine 9 3.3 8 1.9 1.7 
Phenylalanine 5 1.8 4 1.0 3.6 
Proline 13 4.7 14 3.3 5.2 
Serine 15 5.4 24 5.7 7.0 
Threonine 18 6.5 19 4.5 6.1 
Tryptophan 7 2.5 2 0.5 1.3 
Tyrosine 7 2.5 12 2.9 3.4 
Valine 20 7.3 50 11.9 6.6 
% Nonpolar 42 42 39 
% Polar, uncharged 34 26 36 
% Polar, charged 24 32 24 
Calculated molecular 31,434 45,416 
weight 
Data from Dayhoff ci al. (10) 
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reported in the tryptophan operon (32), galactose operon 
(39), and ribosomal protein operons (3, 48). Although the 
mechanisms of translational coupling of two adjacent genes 
are poorly understood at present, it is thought that the close 
proximity or overlapping of translational termination and 
initiation codons ensures the coordinated expression of 
genes of related function. The significance of this finding in 
relation toftsQ  and fisA is unclear at present, since ftsA(Ts) 
mutant cells which carry a cloned fragment of the wild-type 
ftsA gene, without a juxtaposed, intact, upstream ftsQ 
structural gene, appear to grow and divide normally (clone 
pNS28). 
The designation of the ATG codon at position 2175 as the 
proposed start site for translation of ftsZ is consistent with 
the conclusion of Ward and Lutkenhaus (47) that the ftsZ 
coding sequence begins no more than 300 bases upstream of 
the EcoRI site in ftsZ. The DNA sequence presented here 
offers no alternative start site for this gene. 
Although a precise identification of the various compo-
nents of promoters (i.e., polymerase binding sites and regu-
latory sites) is uncertain in the absence of additional data, 
the locations of the putative promoters that we have identi-
fied are entirely consistent with the genetic and promoter 
fusion results presented here. The identification of the 
putative promoter ftsQp 1 is consistent with the detection of 
promoter activity within the overlapping, upstream 900-
base-pair EcoRI-BamHI fragment which does not comple-
ment mutations in the upstream ddl gene (D. Kenan, unpub-
lished data). We are able to conclude that ftsQ, usA, and 
fisZ are each preceded by at least one promoter, such that 
they may be expressed from this promoter in the absence of 
expression of any upstream or downstream neighboring 
genes. The DNA sequence reveals that the promoter(s) of 
fisA must lie within the coding sequence of ftsQ; this 
therefore represents a second overlapping transcriptional 
unit within the gene cluster, similar to the case of JtsZ in 
which an element required for fullftsZ expression lies within 
the coding sequence forftsA (46). Indeed, the three putative 
ftsZ promoters identified here are all found to overlap or lie 
within the ftsA structural gene. 
Since ftsQ, ftsA, and ftsZ are all transcribed in the same 
direction, it is conceivable that the majority of the transcrip-
tion of this region originates upstream of this cluster, and we 
are currently investigating this possibility. Further work, 
currently in progress, will also permit the precise transcrip-
tional start sites to be determined. The existence of overlap-
ping transcriptional units such as those we have identified 
here implies that there can be no strong transcriptional 
terminators, and our results bear this out. Transcription 
from an exogenous promoter (Pgal) is not blocked by the 
insertion downstream of fragments from the ftsQ-ftsZ' re-
gion. The possibility exists that the dissection of the region 
with BamHI, EcoRI, and BgIII may have destroyed termina-
tion signals, and we cannot rule this out at present. Some 
reduction in downstream ga/K expression results from inser-
tion of these fragments (Table 1), but this may be due to 
polarity effects rather than partial termination signals. Such 
transcriptional polarity would provide an explanation for the 
existence of the internal promoters within the cluster. The 
occurrence of promoters and regulatory sequences within 
bacterial structural genes is unusual but not unprecedented. 
The trpD gene of E. co/i has been shown to contain an 
internal promoter which may confer a bypass function that is 
advantageous to the cell under conditions of severe nutri-
tional deprivation (17), and an internal operator has been 
identified within the galE gene (20). 
It is intriguing that there should be such a strong corre-
spondence between the inverted repeat sequences surround- 
ing f:sAp 2 and f:sZp 3 . The correspondence is especially 
remarkable when considered in the context of the con-
straints imposed upon these sequences by their being located 
within structural genes. These and other regions of twofold 
symmetry identified here may be binding sites for proteins 
which regulate the transcription of fisA and ftsZ. Alterna-
tively, they may reflect secondary structure in the mRNA 
and be involved in posttranscriptional regulation. 
An interesting point to come out of this work is that 
apparently normal cell growth and division take place even 
when essential genes from this cluster are being expressed 
from internal promoters in cloned fragments, either in multi-
copy plasmids as described here or in single copy in chromo-
somally inserted X vectors (24-26). Coordinate transcription. 
of the cluster is not, therefore, essential for biologically 
effective function of the genes under normal laboratory 
conditions. 
In conclusion, the analysis presented here forms the basis 
of our current investigation into the organisation of the ftsQ 
fisA fisZ region. The observation that transcriptional units 
within this cluster overlap is most interesting and potentially 
important in understanding the expression of these genes, 
Further experiments in progress should reveal how the 
expression of this region is related to the complex process of 
cell division. 
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MetSerGi nA aM aLeuAsnlhrArgAsnSerGl u(fl uGi uVa SerSerArgArgAsnAsnGyThrArgLeu 
BamHI 
CGGG'tATCCTTTTCCTGCTGACCGTTTTAACGACAGTGTTGGTGAGCGGCTGGGTCGTGTTGGGCTGGATGGAAGATGCGCCGCCTGCCGCTCTCW 
Al aGlylleLeuPheLeuLeulhrValLeulhrThrValLeuvalserGlyrrpval Val LeuGlylrpMetGluA$pAlaGl nArgLeuProLeuSerLys 
_____ _____ 	 K nI 
LeuValLeuThrGlyGluArghislyrThrArgAsnAspAsplleArgGl nSerileLeuAl aLeuGlyGluProG]ylhrPheMetJflrGlnAspval 
TyrVal Pro l 1 eM aArglrpAsnAspGl nHi sMetVal AspAl aGl uGlyAsnThrPheSerVal ProProGi uArglhrSerLysGl nVal LeuProMet 
GCTGTATGGCCCGGAAGGCAGCGCCAATGAAGTGTTGCAGGGCTATCGCGAAATGGGGCAGATGCTGGCAAGGACAGAjTTACTCTGGGMCQC 
LeuTyrGlyProGl uGlySerAl aAsnG1uValLeuGl nGlyTyrAryGl uMetGlyGl nMetLeuAlaLysAspArgPheThrLeuLysGluAlaAla - 
MetThrAl aArgArgSerlrpGl nLeuThrLeuAsnAsnAspIleLysLeuAsnLeuG1yArgG1yAspThrMetLysArgLeuAlaArgphev] 
TT TAT CCGGTTTTACAGCAGCAGGCGCAACCGATGGCAAACGGATTAGCTACGTTGA1TTGCGTATGACTCTGGAGCGCAAGGCGGCGCCCTj 
LeuTyrProVal LeuGi nGlnGl nAlaGl nmrAspGlyLysArgll eSerTyrVdlAspLeuArglyrAspserGlyMaAlavalGlylrpAlaproLeu 
GCCGCCAGAGGAATC TACT CAGCAACAAAATCAGGCACAGGCAGAAC&ACAATGATCAAGGCGACGGACAGAAACTGGjAGTAGGACTATTGGTA 
ProP roGl uGi uSerThrGl nGl nGl nAsnGl nAl aGi nAl aGl uGl nGl n 
Met Il eLysM alhrAspArgLysLeuVal Val GlyLeuGi ul 1 eGly 




• 	 • 	 • 	 • 	 • 	 Bg1 • 	11. 
ValAsnAspLeuGluSerValValLysCysVa 1 G 1 nAryP1aI1eAspGlnAlaG1uLeuMetAlaAspCy5Glfljle5erSerValTyrLeuAlaLeu 
• 	PvuII 	 • 	 • 	 • 	 • 	 • 
TCTGGTAAGCACATCAtTGCCAGAATGAAATTGGTATGGTGCCTATTTCTGAAGAAGAAGTGACGCMGAAGATGTGGAACGTCGTCCATACCGCGA 
SerGlyLysHisfleSerCysGlnAsnGlulleGlyMetval Pro lleserGluGluGluVallhrGlnGluAspvalGluA$flval Val HjsThrAla 




Gi nLeuIl ePheAl aGlyLeuAlaSerSerlyrSerVal LeuThrGl uAspGluAryGluLeuGlyValCysVal Val Asp ljeGlyGlyGlylhrMet 
- - -_-• 
AsplleAlaValTyrThrGlyGlyAlaLeuArghisThrLysVal IleProTyrAlaGlyAsnVa1 Val ThrSerAspI1eMaTyrA1aphe]yTp0 
ProSerAspAlaGluAlalleLysValArgHisGlyCysAlaLeuGlySerIleValGlyLysAspGluSerValGluValProSerValGlyGlyArg  
CCGCCACGGAGTCTGCAACGTCAGACACTGGCAGAGGTGATCGAGCCGCGCTATACCGACTGCTCAACiTGUTCAACGAAGAGATATTCAGTTGCAG 
Hindlil - 	 - 
• 	 -• 	 -i 	 • 	 • 	 • 
ArgLysGl uPlie 	 MetPheGl uProMetGl uLeulhrAsn 
Eco RI .  
TGACGCGGTGATTAAAGTCATCGGCGTCGGCGGCGGCGGCGGTAATGCTGTTGAACACATGGTGCGCGACGCATTGAAGGTGTTAATTC 
As pA là Va lileLys ValIleGlyva lUlyGlyGlyGlyulyAs itAl a Va1G1uH i sMetVal AryAs pAl aLeuLy sValLeuAsfl 
FIG. 4. DNA nucleotide sequence of the noncoding strand of the ftsQfisA fizZ region. The amino acid sequences deduced for the product' 
offisQ (nucleotides 25 to 852),fisA (nucleotides 852 to 2111), and ftsZ (nucleotide 2175 onwards) are shown beneath the sequence. Bases art  
numbered arbitrarily from the left-hand EcoRl site of the 2.3-kb EcoRl fragment (see Fig. 1). Putative promoter sequences are shown in boxe 
(see Table 2), and inverted repeat sequences are overlined with arrows. Bases upstream of ATG codons which match the consensus fot 
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The 2-minute region of the Escherichia coli chromosome 
contains a remarkable cluster of genes involved in cell 
division, cell envelope growth, and morphogenesis (Donachie et 
al., 1984). The absence of biochemical assays for most 
morphogenetic factors has hindered their characterization, 
however molecular genetic approaches are being used successfully 
to reveal the organization of morphogenetic pathways. A segment 
of the 2-minute cluster, spanning the genes murG, murC, ddl, 
ftsQ, ftsA, ftsZ, and envA, has been incorporated into a lambda 
transducing phage and was used in the preliminary 
characterization of this region (Lutkenhaus and Wu, 1980). I 
expanded upon their work by using subcloning techniques and 
deletion analysis to map the genetic boundaries of ddl, ftsQ, 
ftsA, and ftsZ. Moreover, functional promoter and terminator 
sequences were mapped through use of a gal-operon fusion system, 
and the gene products of ddl, ftsQ, and ftsA were identified by 
expression of cloned fragments from a P vector in a ininicell 
system. My results complement the pre1minary molecular genetic 
analysis by Lutkenhaus and Wu (1980) and the sequence data of 
Robinson et al. (1984). All loci between murC and ftsZ are 
transcribed in a clockwise sense; these loci are tightly linked 
without large intervening sequences; each of these loci has at 
least one independent promoter; a second promoter for ftsZ lies 
within the coding sequence of the adjacent locus, ftsA; no 
strong transcriptional terminators are found between murC and 
ftsZ; and expression of several adjacent loci within this 
cluster may be coordinated. The ddl product is identified as a 
32,000 dalton protein, the ftsQ protein is 35,000 daltons, and 
the ftsA protein is 46,000 daltons. Over-expression of ftsQ and 
ftsA together is deleterious to the cell, and inactivation of 
ftsA reverses this effect. Transcription of ftsA in the absence 
of ftsQ translation disturbs cellular morphology, and ftsQ may 
be deleterious in high copy number unless its promoter is 
removed in the cloning process. A fortuitous 	E-ftsQ fusion 
produces a hybrid protein that retains FtsQ function and is not 
deleterious in spite of high levels of transcription. These 
findings are correlated with the sequence data, and 
possibilities for future investigations are discussed. 
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